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SUMMARY 
Recently, in urbanized areas of Japan, the energy system11 such as 
electricity and town-gas supply systems are confronted with the remark· 
able growth of their peak loads. In the electric power systems, their 
salient peak load in summer afternoon is brous:ht about by tlae demand for 
air conditioning. Io contrut, the town-gas systems have their peak load 
in winter eveoins: wbich i& brought about by the demand for space heating 
and water heating. In future, much moreincreaseintheloa.d fluctuations 
due to growth of the peak loads is expected in these systems becaust> of 
the sophistication of the human life and the ind11strial production. 
Increase in fluctuation of the load has brought about low rate utiliza· 
tion of the capacity, and it makes the supply system inefficient and 
11nstable as well. Lately, in order to keep the supply systems efficient, 
necessity or 'the load manasement', i.e., control or the load itst>lr by tht> 
energy supplier, has been stressed. One of the principal ways of load 
management is an indirect control of the load by use of price incentives. 
That is, the load will be controlled through the responses of the consumers 
to the energy price, by setting, e.g., the price higher in the peak period 
(season or time·of·day). Principal pricio.& schemes for this method are the 
time-varying pricings such 1111 the seasonal pricing (SP) and the time·of·IISC 
pricing (TOUP). Also, as a more sophisticated Kheme, the load adaptive 
pricing (LAP) which adjusts the price according to the change of the load 
in anon-linemannerissqgested. 
In the present dissertation, the a11thor investigates the economic 
effects of load management of the enerc systems by means of these time· 
varying pricing schemes. The issue i& discussed with three sorts of models 
(I) 
foeusins:ondiflerentaspeetsoftheproblem. 
nis dissertation c:onsi.st.s of six c:hapters. Chapter 1 is an introduc· 
tory one. Chapter 2 is a review of the peak load problems in the elertri· 
city and the town-cas supply systems, and the load management by means 
of the time-varying pricings. In this chapter, the marginal cost pricing 
principle, which is the basic idea of the optimal time-varying price, is also 
explained. 
In Chapter 3, the load adaptive pricing in the elec:tric power systems 
is studied by means of a dynamic Stacll:elberg same model. The 
supply/demand of electricity is modeled as a ga~ne between one elec:tridty 
supplier and several c:onsu~ners. Based on the modeJ, an optimal LAP 
strategy is derived mathematic:ally, and U is shown that the obtained prie· 
ins: stratel)' forme the marginal c:ost price adaptively. Then, simulation 
based on the modeJ is c:arried out by using data of a real elec:tric power 
system in order to evaluate the ec:onomic effec:t of LAP quantitatively. 
In Chapter4, rec:os:nizingthediflerenc:ebetween the load patterns of 
electricity and town-gas, and further considering possibility of mutual sub· 
stitution of these loads lor air conditioning and water heatins, the effects 
of the cooperative supply of these two sorts of energy by means on time· 
of-use pricing (TOUP) are studied. To investigate the issue, an energy 
demand/supply model of ~aonlinea:r progr&lflmins: type is developed. In 
this model, the c:apac:ities of the supply systems are mdogenited to take 
ion&: term ellects o£ the load manas:ement into ac:co11nt. Through a casr 
study t.aling Kinki District in 2000 as a study area, the ec:onomic effec:t of 
TOUP is analyzed. 
(2) 
Chapter 5 is concerned with competition between the electrici~y a.nd 
~he town-gas suppliers. It complements the study in Chapter 4 which 
assumes a complete cooperation or these two energy suppliers. The proh· 
lem or the inter-energy competition is modeled a& a noncooperative games 
between the two monopolistic companies which supply partially substitul· 
able goods or services under regulatory constraints. ne nature of the 
equilibrium point or the game is studied analytically, and some numerical 
examples are also presented. Using these results, effectiveness and teMO· 
nability of the regulation to the public utility companies are discuts<=d. 
In Chapter 6, the general conclusions and some open problems For 
(urtherstudyaresumma.riaed. 
(3) 
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CHAPTER 1 INTRODUCTION 
1.1 MotiY.tion of the Raearch 
Recently, in urbanized areas of Japan, the peak loads of energy sys· 
terns such as electricity and town-gas supply systems are growing remark· 
ably according to spread of apparatuses for air conditioning and space 
heating. The electric power systems have their salient peak load in sum-
mer afternoon which is brought about by the demand for air conditionin.~:. 
In one of the principal electric power companies, its load factor, i.e., the 
ratio of the averap load to the peak load, has fallen down from 65.7% in 
1965to56.5% in 1980. Incootrast,the town-gassystemshavetheirpeak 
load in winter evening which is brought about by the demand for Sllace 
heating and water heating. 
At present, the suppliersofthete energy utilities are required to su11· 
ply their customers with whatever amount of eoergy they need at what· 
ever time they desire. Hence the supplier must hold enou&h capacity to 
cover its peal: load. Increase in fluctuation of the load due to aforesaid 
growth of the peak load has brought about low rate utilization of the 
eapacity, and it makes the supply system inefficient and unstable as well. 
This difficulty is, what is called, 'the peak load problem' in the energy sup· 
ply systems. 
So fa:r, the eoer!J suppliers have coped with the fluctuating load by 
telection of fuel types, adjustment of the plant operation and the capacity 
expansion. In future, however, much more increase in the load fluctuation 
is expected becaulll! of the sophistication or the human life and the indus· 
trial production. Accordingly, necessity of 'the load management', i.e .• 
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control of the load itself by the enersy supplier, has been lately stressed in 
ordertokeepthesupplysystemsefficient/1.1,1.2/. 
Io the load managemeut, there are two principal ways. The one is a 
direct coutrol of the load. For exa.mple, let customers imstall air conditi<>ll· 
ers remotely controUable by the supplier. If tbe p9k load becomes seriaus 
for the supply system, the supplier reduces the operating level of the cus· 
tomers' a.ir conditioners. Thus, the load is kept in an adequate level for 
the supply system. 
The other way is ao iudirect oue which uses price incentives. Princi-
pal pricing schemes for tbis method are the time-varying pricings such 119 
the eeasonal pricing (SP) and the time-of·UR pricing (TOUP). In thest> 
pricing schemes, the price is Rt higher in the peak period (season or time-
of-day). Through theresponsesofthecoosumers totheenercy price, the 
load wiD be controlled. And also, as a more sophisticated scheme, the load 
adaptive pricinc (LAP) which adjusts the price according to the change of 
the load io &D o.o-line manner is suggested/1.3, 1.4f. 
In the present dissertation, the author is concerned with the load 
management of the energy systems by meaDs of theR time-varying pricing 
schemes. Especially, ecouomic dJects of these pricing schemes on the 
energy 1ystems are studied. The issue is discussed with three sorts of 
models focusing on different aspects of the problem. As well as mathemat-
ical study of the models, simulation analysis by using the data of the real 
energy sy1tems is carried out in order to est.ima\e quantitatively tile effect 
of the policies. As the result, the economic elfec:ts of the load managemeut 
by the time-varying pricing schemes are made clear in detail. 
-2-
t.20't'eniew 
This dissertation consists of six chapters including this introdaclory 
one. In the next chapter, Chapter 2, the peak load problems in !he eledti-
city and the town-gas supply systems and the load management by means 
of the time-varying pticinp are stated in more detail. Then the marginal 
cost pricinr; pri11.ciple, which is the basic idea of the optimal time-varying 
price, is explained briefly by use of the surplus theory in welfare econom-
ics. 
In Chapter 3, the load adaptive pricing in the electric power systems 
is studied by means of a dynamic Stackelbers: game model. The 
supply/demand of electricity is modeled u a game between one electricity 
supplier and several consumers. The features of the present model are 
refiected in consideration of stochastic chanse of the load due to weather 
condition etc., and operation of the energy storage systems by the consu-
mers. Based on the model, an optimal LAP stratqy is derived mathemat-
ically. It i1 shown that the obtained pricins stratqy forms the marsinal 
cost price adaptively. Then, simulation baled on the model is carried out 
by using data of a real electric power 1yetem. Through a comparative 
study with time-of-use pricins and other conventional pricing schemes, the 
economic efleet of LAP is made clear quantitatively. 
In Chapter 4, recognizing the difrereace between the load patterns of 
electricity and town-sas, and further considering possibility of mutual sub-
stitution of theae loads for air conditioning and water heating, the effect of 
the cooperative supply of these two sorts of enerSY by means on tinle-of-
use pricins (TOVP) is studied. To investigate the islilue, an enersy 
demand/supply model of nonlinear propamming type is developed based 
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on the surplus theory. In this model, the capacities of the supply systems 
are e11dogenized to take loq: term effects of the load management into 
account. Subat.itution of elec:tricity and towp-gas in the demand for air 
conditioning, space heatiq: and water beating is dealt with by demand 
functions bavin& inter-enerJY cross price elasticities. Throu&h a case study 
takiq: Kinki District in 2000 as a study area, the economic effect of 
TOUP is analyzed. 
Chapter 5 il concerned with competition between the electricity and 
the town-gas suppliers. It complements the study in Chapter 4 which 
assumes a complete cooperation of these two energy suppliers. The prob· 
lem of the inter-emergy competition is modeled as a moncooperative games 
between the two monopolistic companies which supply partially substitut-
able goods or services u11der re&ulatory constraints. The oature of the 
equilibrium point of the game is studied analytically. Some numerical 
e:u.mplesa.re also presented. Usiq:these results, effectiveness and reaso-
nability of the regulation to the public utilitycompaniesa.re discu!ISI!d. 
IP the final chapter, Chapter 6, the general conclusions and soml' 
opeP problems for further study are summari1ed. 
-·-
CHAPTER 2 PBAK LOAD PROBLBM IN ENERGY SUPPLY 
SYSTBMS AND TIME-VARYING PRICING 
2.1 IDtroduc&ion 
In this chapter, the peal load problem faced by the electricity a.nd 
town-gas systems is described in more detail. Fii'St, the peak load proble111 
in energy supply systelllS a.nd the lflleral characteristics of the systems 
suffering from such a problem are summarized. Then, the concept of load 
management, i.e., a countermeasure of the problem, is introduced. The 
time-varyins pric:ins ..::hemes such as the time-of-use pricing and the load 
adaptive pricing are principal ways of the load manasement considered 
here. Finally, the marpnai cost pricing principle, which is a theoretical 
basis of the optimal (time-varying) price, is reviewed including some prob-
lelllS accompanied with the actual implementation of the principle. 
2-2 The Peat Lead. Preblem iD EJectrieitJ and Town-Gu SupplJ Systems 
The electricity and the town-gas loads fluctuate largely in urbanized 
areas of Japan. The typieal daily load curves of the both energy syslems 
in summer and winter are shown in Fig. 2.1. Looking at the load C11rvcs, 
we notice that the electricity load has a salient peak in summer a.fternoon, 
which is brought about by the demand !"or air conditioning. Recently, 
these load fluctuations are increasins according to the spread of appara-
tuses !"or air conditioning. Table 2.1 shows the recent tre11d of change of 
the load factor, i.e. the ratio of the iiWerqe load to the peak load, in an 
electric: utility company. The load factor has fallen down by about 9% 
from 1965 to 1980. On the other band, the town-gas S)'$lelll has its peak 
load in winter evening, which il brought about by the demand !"or space 
_,_ 
and water heating. It is expected that these lo.-d Ductuations will grow 
signi(ICantJy in future owiq to sophi&tical.ion of the human life style and 
industrial production technologies. 
In order to supply electricity and town-gas, huge amount of equil'· 
meats to produce, trans£er and distribute the eaergy are needed. The Sllll· 
pliers of these energy utilities are required to supply their customers with 
whatever amount of enerCY they need at whatever time they desired. 
CoasequeatJy, the suppliers have to hold enouch a.mouat of capacities tu 
meet their peak loads. 
Becalllll! of the large fluctuations of the demands, the suppliers of the 
eaerCY utilities are sulferiag from seriously low rate utilbation of their 
capacities. Especially, in the electric power supply, owing to the difficulty 
of storing electricity, the supplier must hold enough amouM of generating 
plants to meet only the keen peak lo.-d in spite of its very short duruion. 
As a consequence, it raises the average supply cost of electric power. In 
the town-gas, supply, the large seasonal Ouctuation of the load is a serious 
problem though the time-of-day Ductuation of the load can be absorbed by 
gas-holders. Thesediff"~eulties inecalled 'the peak lo.-d problem' in energy 
systems. 
From the view point of supplier, the characteristics of the peak load 
problems are summariHd as followa/2.1/: 
(I) The demaJtd Ouctuates lar&ely. 
(2) L&tgesurplusinve•tmentisneededtoconstructasupplysystem. 
(3) Storase of the products is techaicaUy or economically diff"~eult. 
These leatures are observed typically in public utility industries suclt as 
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Fi1. 2.1 Typical daily load c:urves o( the electricity aa.d the tow~a-sas systems. 
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K "Electric PowerCo./2.2/ 
industries, the peak load problem is or can be aJI importaat problem to be 
resolved, too. 
:u Lead Maaqement by Time-VU"JiDc Pricing 
So rat, the suppliers or electricity aad town-gas have coped with the 
load fluctuations by 'supply-side management', i.e., selection of fuels, ad-
justment or operation and plant types, and capacity expansion. Optimizn· 
tion or the generatinC plant mix in the electric power system is a typicnl 
example of the supply-eid.e management: In generation of electric power, 
several kinds of plants such as the nuclear power, the coal-fired steam 
power, the oil-fired steam power are available. The base load, a demand 
existing all day lone, is supplied by seneratins pliLnll with low operating 
eoet such as the nuclear power or the coal-fired steam power. In the peak 
period, some peak load plants are operated additionally. For the peak 
load, plants with low capacity cost such as the zas-turbiae or the small· 
s.i:te oil-fired steam power, are selected while such pia.DII have hish operat· 
ins cost due to use of expensive fuels aad low efficiency i11 energy COllVer· 
s.ion. The electric power 1ystem bas conventionally coped with its load 
fluctuation. However, as the peak load problem is cettinJ quite serious in 
·•· 
these days, such supply-side management is not enough to keep the sup11ly 
system effiCient, and the neceiJSity or cop.trolling the load itself, i.e., 'the 
load management' has hRn stressed especiaUy in the electric power supply 
/1.1,1.2/. 
Io load-maoagemeP-t alternatives, there are two priocipal cater;ories. 
The one is direct control of the load hy the supplier. UtilizatioP. of re· 
motely controllable air conditiooer, wa~r heater or electric pump is an ex-
ample in this category which maoages the load of individual consumer by 
the supplier. ReductioP. of the voltage is aoother alternative in this 
ca~gory which cootrols the demands or map.y consumers collectively. 
The other catqory is indirect control by means of price incentives. 
Time-varyior; pricing is a typical method in this cate1ory. In this pricing 
scheme,thepriceissethi&herinthepeakperiod(seasoaortime-of-day), 
aDd set lower io the off-peak period. Throu&Ja the response of the cons11· 
mers to the time-varyiog price, e.g., curtailment, temporal shift and inter-
enerJY substitution, the load is expected to be controlled. 
Seasonal pricing (SP), time-of-use pricing (TOUP) and load adaptive 
pricing (LAP) are the principal ways of the time-varyii1J pricinr; schemes. 
In the followinJ, the characteristics of these pricing schemes are summar-
ized. 
The Seasonal Pricin& ISPl is a pricin1 scheme in which the price of 
the eaergy is set higher ia the peak season and lower in the off-peak sea-
son. While this pricin1 scheme can be adopted witho11t any additional im-
plementation cost, ability of cootrolling the pealt load is somewhat limited 
beca113e the same price il charged all day lonJ. At present, this prici11J 
~<:heme is adopted to the commercial customers in the electric power sys-
·•· 
terns in Jap&~~. In the town-1811 system, the discount for air conditioning 
use /2.3/ have thenatureofthiapricingscheme. 
The Time-of-Use Pricing fTOUPl is a pricing scheme which is o;o11· 
sidered to be the most notable pricing style for the load management. It 
is also called the '(seasonal-) time-of-day pricing' (STOP), or the 'peak 
load pricing' (PLP). In TOUP, a day is divided into several periods ac· 
cordingtotheloadlevels. nepriceineuhperiodissetrenoctingthe 
supp]ycostinthepc=riod. Hencethispricingscheme h811an effect on lev· 
elins: time-of-day load Ouctuation 811 well 811 seasonal one. It should be 
noted that, in this priciq scheme, the time-of-use load of each customer 
muat be measured, and therefore some additional implementation cost is 
needed. 
TOUP is Hopted eJJec\ively in the electric power system in Francl' 
/2.4/. In electric power systems in the United States, this pricing scheme 
hasbeenintroducedaftersomeexperiments/2.5/. Ineloctric po.,ersys-
tems in Japaa, discount for adjustable demand applied to ls.rse-size custo-
men hu the nature or this pricins scheme /2.6/. TOUP itself has also 
becnintroducedasanoptionalcontracttosuchcustomerss.ince 1988. 
The Load Adaptive Pricing fLAP) is a pricinf scheme in which price 
is adjusted according to change of the load in realtime and in on-line 
manner. Then, it is also called the 'spot pricing'. nis pricing scheme is 
suggested by Sc:h.,eppe /1.4/ for electric power systems recognidng the 
progress in telecommunication and computation technologies, while tiH! 
same concept has already been sun:ested by Vickrey in more general con-
textohhepricinginpublicutilities/1.3/. 
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The peal. loads of the ekctric:ity a~~d town-gas are largely affuted by 
weather condition becauR they are brought about by the demand for 
heat, i.e., a.ir conditioning, space he;~.ting etc./2.7, 2.8, 2.9/. LAP works 
well even if the load fluctuates irregula:rly while TOUP cannot cope with 
such a situation. Further, LAP ca.~~ manage the load when the supplying 
condition ill changed irregularly by someacc:idi!nt in the system. On the 
other hand, the implementation COlt of LAP may be much bigger than 
that of TOUP because the price must be announced in realtime, and the 
demandmustberneasuredalsoinrealtime. 
U Maq;laal Cost Priciq: Principle 
The load manqement by mea~~s of price incentives makes the supJliy 
system efficient and reduces the supply cost. At the same time, it has in-
fluences on the consumers due to the controlled load and the change of 
payment. Hence the price must be chosen appropriately with considera-
tion of the effects on both the supply and demand sides. In this Rction, 
the marginal cost pricing principle, which gives an optimal pricing in the 
aforesaid point of view, is reviewed using the framework of the sur11lus 
analysis/2.5,2.10/. 
First, we consider the demand and supply of eneru in a single period 
and Uliume that the enerSJ demand changes according to the chan&e of 
the price. Let p(q) be the inverse demand function, i.e., the relation 
between the price, p, and quantity of the demand, q. As iUustrated in Fir;. 
2.2, p(q) is usually a deereasing function. In the figure, let mc(q) be the 
marginal supply cost of the enerQ, i.e., the marginal change of the supply 
cost according to the marginal cha~~ge of the demand. The plants operat-
ed additionaUy in the peak period are usuaUy less efficient than the baM-
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load plants. Reate the marginal eost me increases with the quantity 'I as 
shown in Fi(. 2.2. 
'It ,. 
Fi(. 2.2 The ioveme demand funcl.ioo p(q) and the marginal 
supplycoatfuoction mc(q). 
We cao ioterpret the iuveree demand function p(q) as follows: 'At 
thequaotity q, thecoosumereonsidersortakesthe marginalincreuein 
his demand, i.e., additiooal iocrease in the demand by one unit, is worth 
paying p(q).' Hence the mazimum amount of the money that the consu-
mer will pay for thequ&Dtity q1 is 
(2.1) 
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We use this quantity as a measure of the utility obtained by the energy 
consumption. As the actual payment oi the consumer is p 1q1, the net 
benefitubtainedbytheconsumerbecomes 
(2.2) 
We eall it the consumer's surplus CS. In FiJ:. 2.2, CS is equal tu the area 
ufthetriangleABE. 
As a matter ofc:oune, it is not realistic tu use the inverse demand 
function in extreme region uf the demand. The consumer's surplus ex-
pressed by Eq. (2.2} itself, therefore, seems to be nonsense because the in-
tegration starts from the null point uf the demand. Yet the difference 
between the consumer's surpluses at the twu different realistic demands is 
still meaningful, for the intecrations in unrealistic region ufthe demand 
are canceled. It is nutewcnthy that in the case study, the re£ults mu:lit be 
evaluated nut by the consumer's surplus hself but by the difference 
between those at adequate demands. In the suc:ceedinc part uf the sec:-
tiua, the values expressed by Eqs. (2.1} ud (2.2} are used keepinc the 
abovenoteinuurminds. 
The benefit of the supplier, on the other hafld, is expressed as follows, 
anditiscalledtheproducer'ssurpluaPS: 
,, 
PS(ql) • PJIJI - [mc:(q)dq. (2.3) 
In FiJ:. 2.2, the producer's surplus is represented by the area uf quadrancJe 
BCDE. 
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Suppose that the social wel£are SW is expuSBed by the sum of PS 
and CS, and let the price 'I'OI"I' which mazimizes SW be the optimal price. 
Correspondin&Jy, let foJ>T be the optimal demand when the optimal prin• 
PoJ>ristaken,i.e.; 
9oJ>T • &r! m:xSW(q) ~ CS(q)+PS(q) 
PoJ>T • Jl(9opr)-
d:~l9on- 0. 




Equation (2.6) shows that the social welfare is maximi;ed by settin1 the 
price always equal to the marginal supply coet. It is ealled 'the marginal 
cost pricing principle'. In Fig:. 2.2, the optimal demand and the price art' 
those associated with the point r. 
Nezt, we coasider the demand and supply in two periods, i.e., thl' 
peak and the off-peak periods. Let p"(q) and p.(q) be the inverse demand 
functions in the peak and off-peak periods, respectively, as shown i11 
Fig.2.3. As disc:uesed above, the optimal demand and the price of ead1 
period are iWociated with the crossing point of the demand function in I he 
period and the marginal cost function. In Fig:. 2.3, (q;, p;) and (q;, p;) art' 
the optimal points in the peak and off-peak periods, respectively. Under 
the constant pricing scheme, this price seUing is impossible. In other 
words, to achieve those two optimal points, the time-varying pricing is 
needed. If the pric:e remains the constant price at Pc• it yields wel£are loss 
-14-
corre.ponding to the area ABC + DEF. 
mc(q) 
Fi&. 2.3 Optimalpricesinthepeakud off-peak periods. 
2.5 Problems ill the Mar&illal Cot' Price 
As stated in the previous section, the social weJfare il optimized by 
adopting the marPnal cost price. Nevertheless, the mar&inal cost price 
has eome difficulties in actuil implement;~.tion. In the foUowing, two of the 
problemsinthispricing principle are pointed. 
The first one is the problem how to estimate the marginal cost of tbe 
real energy system. Under a short-term situation, the marginal cost is 
mainly consist of the fuel cost and other operating cost of the plant sup· 
-15· 
plying marginally. Then, if the capacity is fully utilized at tile 11eak 
period, the marginal cost at that time will be infinite. By contrast, from 
the long-term point of view, the amount of capacity is adjustable, and tilr 
marginal cost includes the cost for capacity expansion, reduction or re-
placement. The problem is which marginal east to be used for the pricing. 
In the next chapter, Chapter 3, the short-term marginal cost is adopted 
because the model considers only theshort·term situation. In Chapters4 
and 5, the optimal pricing is iovestigated from the lo111-term point of view 
iocluding adjustment of the capacities. Kaya /2.11/ hu discussed this 
problem by means of a dynamic optimization model. 
The second problem to he pointed is imbalance between the total 
supply cost and the revenue of the supplier. The revenue by the marginal 
cost pricill( does not always balance with the total supply cost. Appendix 
A indicates that it requires certain conditioo on the structure of supJily 
cost. Heoce some means are needed to achieve the balance of revenul' and 
cost. The £allowing ideas have been proposed to this problem /2.10/: 
(I) To let the JUice deviate from the optimal one. The social welfare ob-
tained by this method is no longer the optilnal but the IK!cond-bcst 
(2) To adopt oonlioear prices such as two-part tariff which consists of a 
fixed charge and an unit price. 
{3) To support the supplier by taxation aodJor subsidiary (financial aid). 
At the same time, this problem relates to the fair distribution of the wei· 
fare gain obtained by a oew pricing scheme /2.12, 2.13/. 
The study in the next chapter does not take the revenue-cost balance 
into a«ount. The studies in Cbapten 4 and 5, the balance of revenue and 
-16· 
cost aresatisraecl. bythedeviationsofpricee. 
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CHAPTER S A STUDY ON THE LOAD ADAPTIVE PRICING IN 
ELECTRIC POWER SYSTEMS BY MEANS OF A. MULTIFOLLOWER 
STACXELBERG GAME MODEL 
S.l ID.trodac:tion 
In this chapter, economic: effects of the load adaptive pricing {LAP) 
in electric: power systems are studied. To investigate the issue, a multifol-
lower Staekelberg game model is developed, which is aa extended version 
of the game model formulated by Luh d al. /3.1/. An optimal LAP stra-
tegy for the extended modcl is obtained mathematically, and the qualita-
tive nature of the optilnal pricing strategy is discussed. Then the paraml'· 
ters of the model are estimated by using data of a real power system, and 
a variety of simulations are carried out. Throu&}l this case study, econom· 
ic effects or LAP are evaluated quantitatively. 
S.2 A. Game Model oUhe Load A.dip&.lve PrleiDg 
Luh et al. have modeled the electric: power market as a game betwl!<!n 
an electricity supplier a.nd a consumer. The electricity supplier decides the 
price or electricity and tells it to the consumer. Knowing this pdcc, lilt' 
consumer decides his consumption level of the electric power. This situ;a-
tion can be modeled as a game of Stad:elberg type, which asr;ume an ordt'r 
of decision making among the players. Taking demand/supply in multiple 
periods and random fluctuation of the demand into account, they have 
formulated the model as a stochastic: dynamic Stac:kelberg game model. 
Then, they have obtained an optimal LAP strategy for the model, and 
have pointed its advantage over TOVP from the game theoretic point of 
view/3.1/. 
·18· 
Since the Cormulation of their game model aims at the conceptual ex· 
planation of the differenee betweeo LAP and TOUP, it is too simple to 
carry out a cue study aDd to ma.ke a numerieal evaluation of LAP. For 
example, in their model, the oumber of the eonsumers is restrieted to only 
one, aJid the temporal pattern of the demand variation is a simple repeti· 
tion of a peak 1u1d an ofr·peak period. To reDed the real situation better, 
the model presented in thischapterisexpandedasfollows: 
I) The time spao heated in the model is divided int.o N periods of equal 
duration admitting arbitrary patter111 of the demand variation. Let 
N • (I, ... ,N} be a set of the periods. Eaeb period is assumed 
short enoucJa to suppo5e the demand is kept constant during the 
period. Renee we assume a constant price in each period. 
2) The electric power is supplied by a player, Player 0. On the other 
baud, multiple sorts of the couumers are ta.ken i11to account. The 
coasumersarecategorisedintoKelassessuchasindustrial,commer· 
cia! or household sectors according to their load characteristia. Each 
dass is represented by one player in the same. Let K • {I, .. ,K} 
be the set of the consumer dasses, and k - (0, ... ,K} be the set of 
the whole players iodudiog the supplier. Ficure 3.1 illustrates the 
players of the came. 
3) In the model of Luh et al., interperiod demand substitution is taken 
into aceount by introducinc several terms which express the effect of 
interperiod dem&J~d substitution into the consumer's surplus. This 
approach bas some difficulty in the parameter estimation and the ill· 
terpretation of the results. Instead of it, in the extended model. 
dynamie behaviors of the consumers are represented by utilization of 
·19· 
theenergystorasesystemson thec:ons11merside. 
Fig. 3.1 Players orthe game model. 
a) Genera&iq Cost .ad UtilitJ F11Ddioa 
Intheeledric:powersystem,somec:ostisneededtogeneratcthe 
power on one hand. On the other hBDd, the c:ons11mers obtain utili-
ties by c:ons11miJ11 the generated elec:tric:ity. Considering the short· 
r11n sit~~ation in whic:h tbe c:ap;u:itJ of the 111pply system is not adjust· 
ed, and also oonllidering that the pealr. load is 111pplied by less cflicient 
plants thaD the base load, we 88Sume the genera.thag cost Cis appro)(· 





c1, c2 are po.s.iliveconstants, and ttdenotes the electricity demand of 
coasumerjatperiodi. 
Consumer j's utility s1 obtained by consumin& electricity is ns-
sumed to be the following quadratic function: 
where (-is the netco111umplion of consumer jat period i, and u.IJ, 
iijt and iij2 are positive constants. In Eq. (3.3), iy1(; +9;.;2 expresses 
the potential demand, which Ductuates owing to weather condition, 
e.s:. The variable(, represents this random factor, which obey the 
l"ollowilllequations: 
~ (; • a£._1 + (1- a2) 2 11,, i EN 
eo- 11o (3.4) 
where a e (0,1) is a constant, and II; is a white Gaussian with null 
mean and unit variance. The ut-ility 51 defined by Eq. (3.3) has nega· 
tive value. It may seem peculiar, but it is just due to the reference 
point of the ut-ility. As mentioned in the previous chapter, it is 
noteworthy that not the value of s1 itself but the difference between 
those at adequate demands must be evaluated. 
b) Euer17 Storqe 
If the price of the enerc varies temporally as in LAP or TOUP, 
it motivates the consumers to take some dyaamic behaviors, e.g., to 
utili2e heat storap equipment, or to shift the demand from one 
period to another. In this model, such dynamic behaviors of the con· 
·21· 
sumersarerepresen~d bytheoperationofenergystoragesystemso11 
the eonsumer sides. The couumers are assumed to have some sorts 
of enerc storage equipmots &lid to operate them accordins to thl' 
vacyiag price. 
The net eoergy consumption qlj and the level of the stored ener· 






where 9't; is ioput to the Storace system (or if it is nesative, it means 
output). fJ e (0,1) is a loss fac:tor of the storage system. ~~is an ini· 
tiallevelofthe1tored.energy. Tosetlimitstoft;and%;jduetothe 
capacity of the storage system, the following penalty function PN, is 
introcluced: 
where Pij• ~ and cL; are nonnegative constants. 
c) Pricb:I(Sebeme 
A two part tariff eonsistiDg of an unit eneru price and a fixed 
charge are assumed. Let "v and "-.; be the unit energy price and the 
f.xed charge to consumer j at period i, respectively. The revenue gf 
the supplier frgm cgnsumer j, ll;, is siven by 
N 
R1 - p1(sij~ +A;;)+ AN+IJ• i e K. (3.8) 
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In Eq. (3.8), the filial ~rm hN+lJ is needed to eontrol the behaviors 
of the ecmsumers at the fi11al period. It must be no~d that the 'fixed 
charge' meaos the charge which must he paid in each period regard-
leu of the amount of demand in the period, a11d that dynamic adjust-
ment or it is admitted in LAP u weU u the unit price. 
d) PayoJI"lUDCiio.a. 
The coosumer fs surplus CS;, the producer's surplus PS and the 
social welfare SW are defined u follows: 










These definitions a:re same with thoae in the previous chapter except 
PN; which is i11troduced to eet limit to the operation o( the energy 
storage systems. Supp011e consumer j acts to maximize the expecta-
tion o( his surplus CS;, and the supplier acts to maximize the expec-
tation of $W, the11 the payoff function o£ COASUmer j, J1 and that o( 
the supplier J0 aregivena.s!oUows: 
J; • E{CS~, j e K 
J0 • E!SWJ 





In TOUP, the prices of the all period must be docided in ad-
vanee. From a game theoretic: point of view, it means that the BUll· 
plier has no available information a.s he decides the prices. It is 
represented by an information structure of the open-loop type; 
(lSI) 'lao • '1211 • " •• •11N+l.O • ~ 
'1tj • (v,, ···,liN, hi,· , hN+I•(I), jE K 
11;1 • (11;-1, fi-t• (;), 2 ~ i <,5N, j E K 
wbere 'lijo j E ir denotes the available information of player j !"or lois 
decision at period i. s;, h, and 11; denote ("i_j. . ,v,K)T, 
(h;t• ... ,faur):r and (t'ft, ... ,qfK, (;,, .. ,OJtN):r, respeetively, where 
the superscript 'T' means transposition of a vocklr. 
In LAP, in contrast, the supplier is permitted kl decide the 
price& of each period just before it. In the came, it is represented by 
aninformationstructureoftheclosed-looptype; 
(152) q10 • ~. 
'loo•(11;-t,j•'1i-tl• 2$i$N+l 
1Jv•('l;, 0.v,;,A;.(;). 2SiSN,jEK. 
It should be noted that the random factor(; should not be induded 
in the supplier's information 'l.:o because the prices at period i must be 
decided just before the period. The difference between the informa· 
tion structure (lSI) and (152) is illustrated in Fig. 3.2. 
-24· 
151 (Open Loop) 
IS2(Closed Loop) 
Fi.J. 3.2 Difference between the information structures lSI 
(for TOUP aod CP, the open-loop type) and 152 {for 
LAP, the closed-loop type) io tbe sequences of the 
decisions. 
r) Maltif'ollower St.ctelberc Game 
Let 'Yo aod ')'1 be tbe supplier's and coosumer j'sstrategies, respective-
ly, i.e., mappiogs from their available ioformaUoos W their decisions: 
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"rj • ('til• · •"r,N) 
"rji:'Jij,.... tt) qij, jE K, ie N. 
Suppose the supplier declares his strategy, i.e., the pricing formllla.~, 
(irst, ud then the consumers declare their stratqies knowing the 
supplier's stntegy before the operation o£ the game. Then the game br-
eomea a Stackelbefl game of multistage and multifoUower type in which 
the supplier ud the consuma:s play the roJls of a leader and followers, 
respectively. In this framework, the problem of optimal pricing is formu-
lated as follows: 
(3.14) 
where 7j('t0) denotes the optimal response of consumer j to the J)ri<'ing 
strategy 'to- That is: 
where J1(-r0 , ... ,'tg) denotes the payoff function of player j as a func-
tional of the strategies. In the de(init.ion of the optimal response, Eq. 
(3.15), Nash equilibrium /3.2/ amoog the consumers is aasumed. 
The variable3, constuts and functions of the model are listed iu 
Table3.1. 
U OptlmiiStratecies 
Methods to solve the multistage Stackelbefl game with the dosed 
loop information structure have developed by Ho et al. /3.3, 3.4/ and 
Basa:r et al. /3.2, 3.5/. In this section, an optimal LAP strategy o£ thl' 
model formulated in the previous section is obtai~aed by the method used 
.,.. 
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111 the above, the i11dexes i and j repreae11t the period 
and the player, respectively. 
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by Luh et al./3.1/. Then it is shown that the obtained optimal pri.:inr; 
strategy forms the ma.rgioal .:ost pric:e adapt.ively. Additionally, til<' 
methods to .:alculate the optimal time-of-IUIC! pricing (TOUP) strategy a11d 
the optimal oonstant priciug (CP) strategy are described, which are USI•d 
for comparative study in the numerical simulation presented in Section 
3.6. 
a) A Two Step Method Cor the Clolled Loop Sta.:blber1 Gmaes 
The method used by Luh et al. to solve tbe closed-loop multistage 
Stackelberg game oonsists of the followin& two steps: 
I) Suppose the problem where the foUowers (the consumers) act 
cooperatively with the leader (the supplier) to muimize the leader's 
payoff. We call it 'the team problem'. Obtain the solution of the 
team problem, which is called 'the optimal team strate1ies'. The op-
timal team strategies give the upper limit of the leader's payoff in tlw 
origiualproblem. 
2) Ao adequate function form sa a strategy of the leader is assumed. It 
is called an incentive strategy. Adjust the parameters of the incen· 
tive stratec in such a way to make the followers' strategies maximi~-
in&: their own payoffs ooincide with the optimal team strategies ob-
tained in step 1). Then the most desirable payoff of the leader is 
achieved, and therefore this iocentive strategy is a solution to tlu-
Stackelberggame. 
It should be uoted that the inceotive stratecy may not be unique 
/3.3/, and that the function form of it must be selected empirically in 
step 2)oftheabovemethod. 
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b) OptiDW Te.ua Sh'ategin 
In the supplier's payoff 10, the priees ue not i!.ppeared explicitly. 
Henee the team problem is a problem only to decide consumption stra· 
tegieso!theconsumers. That is, 
mu 10 . 
,.,.jEK 
(3.1G) 
Looking at theformulatioD ill the previoussectioD,thi.tproblem is a varia· 
tion of the LQ regulator problem, aad it can be solved by the backward 
dynamic programming. 
Necessa.ry conditions for the optimal team strategies are 
(3.li) 
where E1;[') denotes the conditional expectation when the information 
availabJe !OJ: the consumers in period i is known. By soJving Eq. (3.17) 
step by step from the final period to the first, the foJlowing optimal teil.m 
lil.rategies in a feedback form are obtained containing (:f1_ 1,(,) as state 
variables: 
(3.18) 
where F; are 2KxK constant matrix, and z,1 and z,1 are 2K constant vee· 
tors. :f; deaotes (:f,1, ... ,:foK)". The formulas which give F,, z,1 and z,2 
are presented in Appendix B. 
Next, we obtain a pricin& strategy which induces the consumers' 
behavior to the optimal team strategies, when the consumers ad to max· 
imize their own payolls. Coos.idering that the payoff functions of the r.on· 
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sumera are quadratic functions l"ith respect to their decisions, and that 
the optimal team strategies have linear forms, the pricing strategy is a.s-
sumedasfollows: 
tv• oZ't:r.-t + •ijt• ie N,;e K 
~-o, fori•l,;eK 
-~~~i-tv!'-t ... 
+ a5t:r.-2ft-t.;+ "ij""J(i-tft-t.;+ "tjolft-t ... • 
£or2 $ i$ N+l,je K 
where IJ;jo• II;;. are K-vector aDd scala:r parameters, respectively. 
(3.19) 
(3.20) 
If the supplier adopts the above stra\qy, the game becomes a multis-
tage one among the consumers. It is known that in games o( this type. 
the Nash equilibrium are not strategically unique /3.2/. In the following 
discu.sion, the concept of the feedback Nash equilibrium /3.2/ wltich 
cua:rantees the uniqueness of the equilibrium is used for simplicity. The 
(eedback Nash equilibrium is a Nash equilibrium which forms a Nash 
equilibrium iD any stage of the game when the decisions in the proceeding 
stagesaregiven. Withthisrestriction,theoptimalresponsesofthecottsu-
mers are also obtained by the backward dynamic programming. Th<' 
necessary condition1fortheoptimal ruponsesare 
8Ef;[S1 + PN1 - .Rj] ., O 
~ 




Tbe solution of Eq. (3.21) has the same function form with the optima.! 
tea.m strategies, Eq. (3.18). By selecting appropria.tely the parameters or 
Eqs. (3.19) and (3.20), the optimal LAP strateu is obtained. The op· 
timal parameters or Eqs. (3.19) and (3.20), are shown in Appendix C. 
As shown in Appendix D, in the obtained optimal LAP strategies, the 
unit price ";; forms the marginal cost price omitting the influences or the 
random variable (;. And the first tum of the flXed charge Ai+IJ compen-
sates the influences of (; after the fact. The remaining terms of the fixed 
charge Ai+I.J compensate the influences or the prices in the succeeding 
periods on the consun:~ers' decisions of the energy storage qij. 
d) OptiDW TOUP SUateu IUid OpdmaJ. CP Strat.ea;J 
In this subsection, methods to obtain the optimal TOUP and CP 
strategies are described. As t.o the optimal TOUP and CP strategies 
which have the open-loop information structure, the following pro11osition 
holds. 
Proposition Let a deterministic model be a model which has a. modification 
or(; : 0 in the original model. The optimal TOUP and SP strategies of 
theori&inalmodelcoincidewiththoseofthedeterministicmodel. 
The proof of the proposition is shown in Appendix E. 
The open loop-multish.ge Stackelberg game can be solved by a. 
method which use.s the discrete-time 111aximu.m principle /3.2/. flowever, 
the optimal TOUP strategy or the present (deterministic) model is ob-
tained more easily by using the mar&inal cost pricing principle. The pro· 
ceduretoobtainitiaasfoUows: 
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1) Obtain the optimal team strategies of the deterministic modeL 
2) Substitute the optimal team solution into eost Junetion C, and ealcu-
la.te the mar&inal generating cost, BC/8~, and make it the unit price 
In TOUP, arbitrary fixed charge is admitted because constant change 
of the payment has no influence on the consumers' decisions. For sim11li<'i· 
ty,thefixedcbara;eissetnull. 
In CP, owing to the constraint that the priee must be eonstant 
throughout the aU periods, the above method is not applicable. Consider· 
inc that the variables to be decided are few in CP, the optimal CP stra.-
te&Y is obtaiDed by solvinc the optimin.tion problem {3.14) numerically 
for the deterministic model in the simulation study presented in Sectio11 
3.6. The flXI'd cbarce is set nuU in CP similarly in TOUP. 
In order to evaluate the effects or LAP quantitatively, the model 
parameters ue estimated taking an electric eompa.ny in Japan as a. study 
case. We eall it 'A' company. The cMe is studied recarding the summer 
weekday, that is the time when the system has the highest peak load. Tllr 
parametcrsareestimatedunderthefollowingbasicsettinp: 
1) The demand/supply level of A company on summer weekday in 1981 
is considered. 
2) The length or a period is taken to one hour, and 24 periods (a day) 
an considered. 
3) The short-run situation in which the capacity of the supply system 
cannot be adjusted is assumed. 
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4) ne consumers are categorb:ed into £our sectors, i.e., large-size indus· 
trial, small-size industrial, commercial amd household sectors. Each 
sector is represented by one player in the model. 
In the case where the capacity cannot be adjusted, the varying pan 
ofthesenerating c:ost isjnst the operating cost such as coat for foe!. The 
gemeratins: plant of A company is categorized into £our types, i.e., the hy-
draulic power, the nuclear po•er, the LNG-Iired power and the oil-fired 
po•er. The operatins: cost of each generatins plant type is assumed to be 
same •ith the calculation by the Agency of Resource and Energy in 1982 
/3.6/. Considering that thesenerating plants of these types are )lUI into 
thesystemintheincreaaimgorderoftheiroperatingcoatsaccordinr;tolhl' 
load, the generating c011t function is estimated as a piecewise linear func-
lion shown by a solid line in Fig. 3.3. By the least square method, this 
function is approximated by the followinr; quadratic function: 
c- 32.49q2 + 207.19- 1284.5 (3.22) 
where the units of C amd 9 are [104yen] and [GWh], respectively. It is also 
sho•n by a dashed line in Fi&. 3.3. nus the parameters of (3.1) are ob-
tained, i.e., c1 • 64.98(• 2x32.49) [IO"yen/GWh~ and c2 • 207.1 
[lo4yen/GWh]. 
b) Utilll:,. FwtctioD 
As stated .iD the previous cbapter, the utility fuoction S(q) are related 








fil. 3.3 Estimated cost function of the power generation. 
The IIBIIUmption ol consumer }'s utility function as Eq. {3.3), is equivalent 
to IIBIIUmption ohhe following inverse demand function wij; 
(3.24) 
Consequently, the inverse demand fu~action (3.24) is n~ded to Ue idenli-
r.ed. The parameters of Eq. (3.24) are estimated in the following ma1mer: 
I) Obtain the mean hourly load~~ and unit price ;..i] of each sedor ill 
the service area of A company on summer weekdays in 1981. Owing 
to availability ol the data, the loacl pattern of each sector in August 
1975 is used, and they are rescaled by multiplying a constant to make 
thetotaldema.ndcoinddewiththatin 1981. Asthevalueo(thetmil 
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price, the average price 23.9[yeajlr.Wh] of the company is used re&anl· 
lessofthesectoJ"S. 
2) So far, the price eJuticity of the time-of-use electricity demand have 
not been meuured in Japii.P. Considerin& its value meuured in the 
United States /3.7, 3.8, 3.9/ and also the measurement of the short· 
aad the long-term price elasticity of the aggregated electricity 
demand in Japan /3.10/, the price elasticity '1 is set to -0.2 regard· 
lessofthetime-of-dayortheconsamersector. 





i;.."! • fZ(l- '1), i E N,jE K. (3.25) 
3) The parameter i..,1, which indicates the fluctuating level of tilf' 
dema.nd, is utimated u foUows: 
First, the staad;ud deviation of the daily maximum load in the 
summer weekdays is obtained. Second, the difference between the 
mean time-of-day loads in the summer and that in the spring/autumn 
iscalc:ulated,which is taken as'themean hourly demand £or air con· 
ditioning'. 
Thefluctuatingleveloftheloadisassumedtobeproportionalto 
the mean hourly demaud for air conditioniRJ, and it is rescaled to 
coincide with the standard deviatioo of the maximum load obtained 
before at their maximum. Owiag to availability of the data, this pro-
cess is done only about the total demand of the studied case, and 
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then it is divided into the parameter i"v1 of each sector according to 
the air conditioninc demand of the sector estimated by the monthly 
load data. 
The pa.rllmetera isaet to0.976 based on the correlation of the 
dailymaximumiOild. 
The obtained parameters 111ij, ii,it and ii/Jare shown in Fig. 3.4. 
Using tbe parameter values eatimllted in the previous section, effects 
of the LAP are studied quantitlltively in comparison with thoS<" of olhrr 
pdc:inc schemes. The following four pricing schemes are considered. 
(I) Load Adaptive Pric:ill( (LAP). 
(2) Time-of-Use Pricing (TOUP). The price is altered in every hour M 
well as LAP. 
(3) Constant Pricing Di..::riminatin.!l the Consumers' Sector (CP-D). 
(4) Constant Pric:inc Common to the All Consumers (CP-C). 
a) Panm•tee Slllecllon ortbe Enuu Sloeag• 
The para.meters(J, cLj•Jiij&ndijconcerningtheener.!lYStorage 11re 
set as follows: 
1) The parameter {J is set equll! to 0.91124. It implies that 10% of the 





Fi&. 3.4 Estimated paramder values or tbe utility functions. 
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3) In the case ofij. O,large values are set to c,1 a~~d Pij to inhibit the 
eaergy stora&e-
4) In the c1111e o£ 'iij > 0, tbe parameters C£1 and Pij for i "' N are select-
ed so that the minimum of the stored eJJergy coincides with 20% of 'i,1 
in TOUP in the deterministic model. It implies that the assumed size 
of the etorqe system ill about twiee of ij. In the above procedure, a 
constraint e£; •Pij is assumed for simplicity. The coeffiCient at the fi. 
oal puiod, PN; is set lu1e enough to make the stored energy rN1 at 
theperiodcloaetoij. Theinitialvalueofthestoredenergyr01 isset 
equal to~. 
There are some transitional efFects OD the decisions of energy con-
sumption and storase near the stuting and the final periods due to termi-
nation. To reduce these effects on the simulation results, the simulation is 
carriedoutwithextensionofthetimespanto96periods(fourdaya). Thl' 
payoffs are evaluated by the mean oflOO repetitive simulations using ran· 
domnumbers. 
A simulation result is presented in Fig. 3.5. The f~gure shows th~ 
variation of the supp6er's payofr(thetoeial welfare), the consumers' pay-
of&, thesenerating cost and the load factor when the 'i1 is altered from 0 
to5GWhwhiletheotherijarekeptnull,i.e.,theenergysLoragesystemis 
used only in the sector of large-size industry. Fia:ure 3.6 illustrates the 
temporal variations of the total demand/supply, the unit price and the 
filled charge for the lar&e-size industrial sector and the stored enerl)' level 
of the sector in LAP and CP·C for 'i1-0 and 5GWh. The total load or 
the studied area is about 25GWh io its peak hour aod about 12GWh in its 
bottom hour. Hence the iovesti(ated capacity of the enerp storage 
(about 2xi;, IOGWh at maximum) amou~at5 to tbe demand i~a 0.4 hour at 
the peak period. 
Lookiq at the Fi(. 3.5, the 110eial welfue is impl'oved by about 
0.3[1o'J~/day) by LAP to compare with that by CP-C •hen i'1 is null. 
It amouot• to about 0.7% of the geaerating cost in CP-C. At the same 
time, the loa.d factor is improved by about 2.5%. This improvement be· 
comes more salient accordiq to the increase in i;. Wheo i'1 is 5GWh, the 
improvemeot of the social •elfare by LAP 1 or by TOUP as well, amounts 
to 0.76[1o'J~/day). In contrast, by CP-C and CP-D which pve no incen· 
live ofeoeru storage, the social welfare becomes Slightly worse. It is due 
to thec05t needed to keepthelevelofthestored energy in the model, and 
it is not sub5tantialloss in CPs. In CPs, the 110eial welfare should be con· 
sid.eredtobeunchanpd. 
The difference between the social welfare& achieved by LAP and 
TOUP is also magoified accordiq to the iocrease in i; though it dol!5 not 
appear clearly in Fi(. 3.5. It is brouJbt about by the ability of LAP to in-
duce the consumption and the energy 5torace respoodiog to the irregular 
chaD.Je of the potential demand. In thi5 simnlatioo, the differcoce between 
LAP and TOUP may be underestimated because of the following reasons: 
1) In the model, the supplyiog cost is formulated as a quadratic func-
tion, and the evaluation of the iocreasiog COlt !'or the peak load is 
rather mUd. Ir the lack of •upplying capacity at the peak period oc-
curs, it causes more serious loss of the social benelit. LAP will be 
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Fie. 3.6 Temporal variations or the total demand, the stored 
eoe:rgy, and the uob priee &Dd the fixed chara;e to the 
larp-siR industrial seetor under LAP and CP-C. 
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ousdiffieulty. 
2) The price is altered every hour ill TOUP as well as LAP in this simu-
lation. In TOUP used actually ill France or in the U.S., the 11rice is 
altered only two or three times a day. In such a case, the welrare IOSII 
wiD be larger than tbt shown by this simulation. 
Looking at the influe11ces of the pricing sthemes on each consumer's 
sedor, adoptioa of LAP iostcad of CP-C, for example, is advantageous for 
the consumers in the sectors of the luge-sise industry and the household, 
and in contrsst, it isdisad.vantapou1 for the consumers in the other sec· 
tors. It is due to the difference bHweeD the daily load patterDs of the 
both groups. 
Figure 3.5 shows that the payoff of the large-si:ae industrial sector, 
which is able to cope with the varying priee by managing its own storage 
system, is incressing accordin1 to i'1• At the same time the payoffs or till' 
commerciala.ndthesmall-sh:eindustrialsectorsarea.lsoincreasingbecau!ll' 
these sector has their salient peaks at the peak periods o( the total 
demaad, and the high prices in the peak periods are relaxed ac<"ording tn 
the expansion ofi'1. In contrast, the payoff of the household sector, who~~e 
peak demand is in the off· peak periods of the total demand, is decre;\Hd. 
These results indicate that altering the pridng scheme may not lw 
benefu:ial for all the sectors even if it improves thesocialwelrare. Undl'r 
such situation, some meii.Ds for benefit reallocation are needed to stimulat .. 
smooth introduction of a new pricin& sthemes. 
The social welfare itself is not influenced by the sector having the 
stora&esystemasfarastheaizeoftheenergystora&eissame. But it has 
influences on the consumers' payof&. To examine this point, the simula· 
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tiou in the case where all the sectors have enerc .Wrage systems is car-
ded out. The results au compazed with thoH or the above sirnulation in 
Fig. 3.7. The size of energy storage system ij of e"h sector is set propor-
tional to the IUII.OUnl of its demand for air conditioniq:. Tie payoff of the 
large-size industrial sector, whose stor&&e ayatnn is made small, decreases. 
In contrast, the payoffs orthe other Hdora increase slightly. This tenden-
cy is more remarkable in TOUP than LAP. 
e) IDD.ueDeell of the Price EJ..tWt,- of the Demaad.mdthe Growth of the 
Demuu:l for Air CoaditioDiq 
Among the parameters of the model used for the aimulation, the most 
indermite one is the price elasticity of the demand '1· In order to evaluate 
the iuftuence of q, simulation& in the cases or 'I • -0.3 (high elasticity 
ca&o!) and '1• -0.1 (low elasticity case) are carried out in addition to tha.t 
or" • -0.2 (standard case) presented before. ne results are summarized 
in Table 3.2. As shown in the table, the social welfare varies remarkably 
depending on the price elasticity of the demand. The difference between 
the social welfares iD the hi&h and the low elasticity cases amounts to 
about 0.29(101yenfday]. It shows that the more precise estimation of the 
price elasticity is Deeded to make the aualysia more definite. 
The amount of the demand for air conditioning may also have large 
inDuencea 011 the estimated wel€are gain by LAP. This demand is expect-
ed to grow remarkably in future. The inOuence of the growth of the air 
conditioningdem&Jldisalsoinvestigated. Simulations in the cases of 50% 
grD11'th and of 100% growth of air conditioning demand are carried out. 
The results are shown in Table 3.3. Tie welfare gain by LAP will increase 
by 16 through 30% ("cording to i"1) in the case of 100% growth of the air 
-43-
FiJ. 3.7 Compariscm bHween the 1:011centrated and the 
difiribuled eaerv storaa;ea. Case 1: No eaeJI)' storage, 
Case 2: Conc:mtrated, i'1 • 2.5[GWhJ, Cue 3: Distributed, 
Eij • 2.5[GWhJ, Case 4: Coac:eatrated, i'1 • 5JGWhJ, 
; 
Case 5: Distribuled, Eij - 5JGWhJ. 
; 
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ASW represenls the difference belween lhe social welfares (SW's) 
by LAP and by CP-C. lla unil is [lo"yen/dayJ. 
T-.ble. 3.3 Influence of Growlh of Air Conditioning Demand 





The meanio& and the unit of 4SW are same wilh thlllle in Table 
3.2. 
conditionin& demand. In short, this factor also has !ar&e influences on tlu: 
simulation results. 
In this chapter, effects of LAP in the electric power system is studied 
by means of a multifollower Stackelber& t;ame model. The principal find-
ingsofthestudyaresummarizedasfollows: 
I) The optimal LAP stratqy has a nature of mart;inal cost pricin& 
which is adjusted adaptively in respoR$1! to the random fluctuation of 
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the poteotialdemaod. 
2) The social welfare is improved by about 0.3\lO'yeufda.y\ by adopting 
LAP or TOUP compared with CP-C, io the studied case if no enerc 
storage is used. The improvement amou11.ts to 0.7% of the generating 
3) The effect of LAP or TOUP becomes more remarkable if the consu-
mers respond to the varyiq prices by their management of energy 
storage. 
4) GeneraUy, LAP is more adn.ntay:ous than TOUP because of its 
adaptive p.ature. However, the effect of TOUP ca.n get very dose to 
that of LAP if TOUP is adopted with fip.e time division. 
S) The iP.fluenc:es of iotroduction of LAP and TOUP on the consumers 
are different by the demaud characteristics of the consumers. To 
some c:onsumera, even a disadvantage may be forced. Thus, to make 
the new pricing scheme accepta.ble to all the consumers, some means 
toreallocatethebenelitareneeded. 
Finally, the following is to be pointed. To impJement LAP or TOUP, 
somec:ostisneededfor reporting the price and measuring the time-of-clay 
demand. It is called 'the metering cost'. Especially the concept of LAP is 
based on utilization of a communication network to report the price in 
realtime. Hence LAP oeeds some additional c03t for the communication 
network. From the viewpoint of cost benefit analysis, it is a ncccssa.ry 
condition for the feuibility of LAP (or TOUP as well) that the we\farr 
sainobtained bythenewpric:ingschemeexceedsitsmeteringcosl. Sinn! 
it is difficult to estimate the metering coat of LAP at preseM, this cost is 
not treated in the presented study.! In future it is expected that the me· 
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tering cos' will be reduced well because of the innova,ion of 'he telecom-
munication and computation ~chnologiu. 
The problem of benefi' realloca,ion pointed above is closely related to 
theproblemofcrose-subsidi38t.ionamongtheindustrieshavingtheecono-
my of scope, which has studied from the viewpoin' of the cooperative 
game,heory /2.12,2.13,3.11,3.12/. 
1For the TOUP, the meterint oCIII. il e¥ .. uated in the atudy preoented in doe next 
cluopler. 
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CHAPTER fo A STUDY ON THE COOPEIU.TIVE SUPPLY OF 
ELECTRlCITY AND TOWN-GAS UNDER. TIME-OF-USE PRICING 
SCHEME 
fo.l Imraductioa 
As mentioned in Chapter 2, the eleetric power and the town-gas sys-
tems in Japan have contrastive load patterns, and therefore mutual snbsli-
tutionoftheirloadscanbeaneiTectivewaytosolvethepeakloadl•rob-
lemsin the both enercrsyslems. In this chapter, theeUectsafrool•~ralive 
suppJy of electricity and town-ps by means of the time-of-use pricing 
(TOUP) are studied. Based on the framework of surplus analysis, an ener-
&Y suppJyfdemand model of nonlinear programming type i' develol"'d. 
Then, a esse study using this model is carried out. The social we\f."Lrl" ob-
tained by TOUP is eetimated and compared with those by other 1•ricing 
schemes such as the seuonal pricing (SP) and the constant pricing (CP) 
tbroUJh numerical simulations. By those analyses and simulations, tiL~ 
welfare economical effeet of TOUP adopted cooperatively in the clectri<'ity 
and the town-gas systems is made clear quantitatively. 
4.2 Cooperation of ElectricitJ &lid. To.-n-Gu SupplJ 
As mentioned in Chapter 2, the electric power systems in the urbau· 
ized areas of Japan have their peak loads in summer afternoon which are 
brought about by the demand for air conditioning. Conhary to this, the 
town-gas systems have their salient peak loads in winter evening which are 
brought about by the demand for space and water heating. Namely, these 
energy systems have their peal loads in different seasons or time-of-days. 
and their peak loads are both brought about by the demand for heat. 
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From the modern tec:hnolozical point of view, these demands are sub-
stitutable between the two energy utilities. Reeently a remarkable pro-
gre&Softhetechnolou in thisf1eld is seen. For example; 
(I) Space heating by using the Eleetric Heat Pump, 
(2) Air conditioning by us.ing the Ga.s Engine Heat Pump or the Gas Ab-
sorption Heat Pump /4.1/, and 
(J) Cogeneratio11 by usins: the Gas Engine or the Gas Turbine 
are attracting our attentions. In future, the improvement of the perfor-
mance of the heat pump and the development of the fuel cell will make 
the inter-energy substitution much easier. 
Taking notice of the aforesaid possibility of inter-energy substitution 
between the electricity and the town-gas demands, it can be an effective 
policy to solve the peak load problerM faced by the two supply systems by 
encouraging substitution of their demands. In the present chapter, a 
cooperative adoption of the time-of-use pricing (TOUP) as means to in· 
dueeasalis£a.ctoryinter-energysubstitutioaisstudied. 
FiiSt, an enefly supply/demand modeJ. of nonlinear prozrammins 
type is developed to investigate the issue. Theo a simulation study is ear· 
ried out by takinz Kiaki District at the year of 2000 as a study area, and 
the eiJedivenea of this policy is evaluated quantitatively. 
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(a)StructureohheModel 
So rat, energy models o! linear progr&mming type (LP model) have 
ollen been used for normative studies of the energy supply/demand struc-
ture /4.2, 4.3, 4.4/. An LP Model is a model which minimizes the total 
coat needed to meet the prespecified final energy demiUid by fuel selection 
and capac:it7 adjustment of the supply system. Heace, a model of this 
type is not adequate to study the effect of load management because the 
final demand itRif should be altered in this policy. Concerning the price. 
the marginal costa to supply the final demands can be measured as til~ 
simplex multipliers with the LP model/4.2/. But it is difficult in the LP 
modeltotreatthepriciq;schemeitselfexplicitly. 
In this chapter, an energy model or nonlinear propamming (NLP) 
type is prese~~ted. The formulation or the model is based on the surplus 
theory, and it ean cope with the aforesaid difraculty faced by the LP 
model. In the NLP model, the liD&! demand or the various sorts of energy 
and their prices are endogeni:tcd as well as the operations and the ca.11ad-
ties or the energy supply systems. Considering the demand-side inDuenccs 
or the load management, the snm or the consumers' aurplus and the pro-
ducen.'surplul is taken as an objeetiverunction to be optimized instead of 
the total supply cost, which is the objective function in the LP mod<'!. 
Thus the present NLP model is a sort of the extended version of the ener-
gy model or LP type /4.5/. The structure of the NLP model is illustrat<'d 
in Fig. 4.1. 
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Fig. 4.1 Structure of the NLP model. 
(b) Time DiYilioa 
The time span treated in the present model is one year. Considering 
the seasonal variation oftheeJectricity and thetown-gasloads,oneyea.ris 
divided into three seasons, i.e., summer, winter and spring/autumn. 
Furthermore, each season is divided into five periods renecting the daily 
loadvariationsofthebothencrr;yloads. Namely,oneyea.risdivided into 
15 periods. In Table 4.1, the time division is shown. 
In the present model, we use a time division corresponding directly to 
season and time-of-day instead of a time division based on tbe load dura· 
tioncurveswhichhasoften beenusedinenergyoptimizationmodels. It is 
beeausetheinter-energysubstitutionconsideredinthemodelshouldoccur 
only between the eJectricity and town-gas demands at the same time-of-
day in the same season. With the time division based on the load dura-
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Table 4.1 Time Divi1ion of the NLP Model 
Period nme-or-o., DuralionD, ,_, Wiater Sria Aulumn lho11rl 
' l u " ....... 631.75 ' " 1:00-13:00 4~6.25 ' " 13:00-18:00 456.25 . .. 18:00.22:00 "'·' . 
" 
22:110-2<1:00 275.75 
• The r~gures in the column 'Duration' represent the durauon of 
the periods in summer and winter. Tho&e in sprins/autumn arc 
twiceaslo11f:asthevaluesshowninthetable. 
tion curve, it is diffiCult to repreacntsuch simultaneous change oflhc both 
enerf:Ydemands. 
The time-of-use demands and prices of electdcity and town·;as illl" 
endogenized as weD as lhe operation and capacities of the supply sys&ems 
of these two sorts of enerf:Y. In \he electricily supply, four sorts of geiL· 
eratiog plants are colllidered, i.e., the nuclear power, the LNG-fircd power. 
the o.il·fired power iUid the hydraulic power. Their capacities &ILd Lhr 
time-of-u&eoperationsareeodosenizedexceptthoseofthchydraulic powl'r 
plant, which are t:iveo exoscnously. The town-psis supposed to be SILI>-
plied by one sort of plant. For simplicity, otilizatioo of the sas-ILoldcr is 
not considered. The endosenized variables are listed in Table 4.2. All the 
cndogenized variables arc constrained to be oonD.et:ativc. 
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The foUowing constraints are considered in lhe enerv 
suppJyfdemand. 
Inverse Demand Function The time-of-use energy demands and prices 
are related bythefolknringinversedemand function: 
1' •- Aq+ Po (4..1) 
where p • (PEl• ... , PElS• PGl• . . ,pG15)T is a. time-of-use pric:e vector, 
and 9 • (fBI• · .. ,fEll• fGI• ... ,fGls)T is a time·of-use demand vector. 
A is a 30x30 constant matrix, and Po is a 30-dimensiona.l constant vector. 
The matrix A is aasumed to be symmetric:. It is required to define the con· 
sumers'surplus/4.6/. 
Demli.Zid Snpply Balance The sum of the outputs of the £our electricity 
cenerati~~&pla.ntsmuatexc:eed theelec:tric:itydema.ndineac:h period: 
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filii :50 -zNuc,; + -z£NG,• + -zo,,,; + -zHro,;, i • I,· · · ,16 (4.2) 
when= 'ZrfUC,i• 'ZLNG,i aad cor£,• de11ote the outputa ol the nuclear, the 
LNG-fin=d and the oil-fired power plaots at the period i, respectively, and 
:t:HrD,i ia the output of the hydraulic power plant in the period i &iven rxo-
genously. 
Fair Pn=paratioo of Electricity Supp!y Capacity The aum of the capaci· 
ties of the electricity generating plaots muat keep a fair preparation rate 
to the peak load: 
9s;(l + t) :50 (I:Nuc + I:LNG + l:or£ + karo)D,/8160, (4.3) 
1 =I,. ,16 
where D; ia the duradon of the period i ( the number 8760 means the total 
houra in a year), € is a fair rate of the prepa.ratory capacity to the peak 
load. kNUC• k£Nc and kor£ are the capacitiea of the nuclear, the LNG-fired 
and the oil-fired power plants, respectively, and '=MrD is the capacity or the 
hydraulic power siveo exogeoously. 
Upper Bouod of Plant Operation The output of each plant c;uuml 
exceed the limit decided by itscapao::ity: 
j • NUC, LNG and OIL, i • 1, ... ,15 (4.4) 
fc; :50 lccAsD;/8160, i • 1, ... ,15 
where '=cAsisthecapacityofthe tow11-gassupply plant. 
Upper a11d Lower Bounds of Plant Constructio11 The capacities of the 
electricity and the towR·gas supply plants must be larser than the existing 
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Ieveii, and the capacity of the nuc:learpower pJant is also constrained by a. 
prespec:if1ed upper bouod: 
~:!!:~. 
j • NUC, LNG, OIL aod GAS (4.5) 
where 5_ is the existins: capac:ity, and FNti'C is the upper limit of the con-
struc:tion of the nuc:lear power plant. 
Fair Aouual Outputs o£ Elec:tric: Power Plants lo cac:h type of 11la.nts, 
the ratio of the annual output to the output with the full operation 
through the year must bebelowaprespec:if~ed fair value: 
" i~t z1,,:!!: k;r;, j- NUC, LNG and OIL (4.6) 
where r, is a £air ratio of the annual operation of the plant j to the total 
energy produced by the full operation throus:h the year. 
Coustaot Qperatioo of Nuclear Power Plant The output of the nuclear 
power pJant cannot follow lo&d fluctuation so quic:kly. Considerins: this, 
the ouclear power plant should be operated at a constant level in eac:h 
(4.7) 
i- 1, ... ,4,6, ... ,9,11, ... ,14. 




" .~.''c;fc;•Cc (4.9) 
where C8 and C0 ;ue, respectively, the supply costs of elccnkity and 
t.own-ps. These are defined by the following linear functions; 
Cs•E ( I: eo1-z1,; + t:c/:;) + ep£ (4.10) 
1 i•l 
" Ca·,~ 1 C:oa9o; + ccc~AS + Cpc· (4.11) 
The summation with respect to j in Eq. (4.10) means that for 
j•NUC, LNG and OIL. The QlelriCients co; and cCi are, respectively, the 
unitoperat.iqc:oetandtheunitcapacitycostofplantj. Thecoeff~eients 
t:y8 , c00, ccc &nd cFG &M the 6xed. cost of the electricity supply, the unit 
operating cost, the unit capacity cost and the faxed cO&t of the town-gas 
supply, respectively. 
Pricing Scheme The pricing schemes such as the constant pricing (CP) or 
the seuoaal pdcing (SP) are represented by adding some constraiuts on 
the time-of-use pridn1: 
Pa; • PG,i+l, (4.12) I 
i. 1, •.• ,14 for CP; 
i • 1, ... ,4,6, ... ,9,11, ... ,14 forSP 
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(e) Objective Function 
The sum of the eonsumers' aurplu& and the producers' surplus is tak· 
ea as an objective fuac:tion to be maximized, whieh is c:a]led 'tile socia.l 
welfue SW'; 
SW-~pdq- CE-Ca 
•- tqTAq+ p[q- CE-Ca. (4.13) 
The assumption of symmetrieity of the matrix A is required to make the 
line inte&ral { pdq in Eq. (4.13) independent of the integration path 
/4.6/. 
U Estimation of lhe Model P.-aaaden 
The parameters of the model presented in the previous section are es· 
timated by \dill& the Kinki District at the year of 2000 as a study area. 
The chosen area inc:ludes three larse cities, i.e., Osaka, Kobe and Kyoto, 
and the peak load problem of the electric power system in summer is quite 
serious in the area. The service ana of the electric power system and that 
of the town-ps system are overlapping ravorably in the urbanized area of 
the district. Because of these characteristics, the c:hosea area is adequate 
for the simulation study with the present model. Data for parameter esti-
matioo are pieked up mainly from the refereaces /2.2/, /2.3/, /2.6/, /3.6/ 
and/4.7/. 
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(a) Bttbaation orthe b.ftrle DemaDd hndloa 
Since TOUP (or eaergy utilities hu not bRn iLClopted yet in Japan, it 
is impos~ible to estimate the inverse demand function statistically using 
the real data of energy demand/supply. In the present study, it is es-
timated under the foUowing assumptions: 
Assumption 1 
The elettricity dernBDds in the peak (13:00-18:00), the middle (8:00-
13:00 and 18:00-22:00) and the off-peak (22:00-8:00) periods will grow 
at3.5%,3.0%&Dd2.5%ayeal',respectiveJy,until2000iftheprieesof 
eJectricity and town-gas ate kept at the levels in 1982/2.2, 2.3/. At 
the same time, the town-s:u demands in all the periods will srow at 
4.0%ayear. 
Assumption 2 
The energydem&Dds iD sprins/autumn are assumed to be nonheat 
demands. The incremental demaD.ds in summer or winter periods 
from the correspondins: period in aprin!/autumn are assumed to be 
heat demaD.ds. Thoush the incremental dema.nds o( town-cas in sum-
merisabitnep.tive,theyareassumedtobenull. SeeFis:.4.2. 
Aaaumption3 
The nonheat demand (unction is assumed to he linear and to have no 
inter-period &Dd inter-energy erose price elasticities. The own price 
elasticity or the nonheat demand is assumed to be '1· Selection of the 
valueof,ismutionedlater. 
Under the assumptions 1 through 3, the followinl!l nonheat demand 
(undionaareohtained: 
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Fit;. 4.2 Separation of the demaads for electricity aad town-gas 
into the heat and the nonheat demaads . 
.... 
(4.14) 
where fNM and iJNGi are the nonheat demands of electricity and town-gns 
in period i, respectively. a,. and f.v. are the constants determined bii.Scd 
upon the predicted demands in 2000, the eneru prices in 1982, and the 
price elasticity of the demand 'I· Theformulasgivingtheseconsta.ntsare 
described in Appendiz F. 
Assumption <I 
ne elflcienc;ies (COPs, coefficiencies of performance) of the elcdri<-
and the town-gas air conditioners are assumed to he 4.0 and 1.0. 
respectively /4.8/. If the price of town-gas is reduced and theoperat· 
ill cost of the air conditioner is equal to that of the electric air co~~Cii­
tioner with the electricity price in 1982, the heat demand in summer 
will be shared at the ratio s; J - s (0:5s:51) between electricity and 
town-ps measured in the final calories when the total amount of tlw 
heat demand is kept unchanged. ne parameter s stands for inter· 
energy substitutability of the heat demarad. A small value of s means 
that the heat demand can be easily substituted between the two sorts 
of enerc. Selection of the value of parameters is mentioned later. 
Assumption 5 
The efficiencies of the electric and the town-gas space heaters are a.~­
sumedtobe0.9and0.72,respect.ively /4.8/. If the priceofelc<:trid· 
ty is reduced and the operating cost of the electric space heater i5 
equal to that of the town-gas space heater with the town-gas price in 
1982, the heat demand in winter will be shared at the ratio 
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I - 1; 1 {0:5s:51) between electricity and town-gas measured in the 
final calorie5 when the total amount of the heat demand is kept un-
ehaDged. For si111plicity, the parameter 1 is assumed same with that 
appeared in Assumption 4. 
Assumption 6 
If the prices of eleetrieity aDd town-gas are ehaDged at the same ratio 
simultaDeously, the heat demaads in su111mer aad in winter will be 
eha~d at the elasticity 11 near the prices in 1982. For simplicity, 
the parameter 11 is assumed same with that appea:ed in Assump-
tion3. 
Under Assumptions 4 through 6, the followin! heat demand funetions 
inlineuformareohtained: 
{4-IS) 
llHGo "' 0 HGBiPBi + aHGGiPGi + fHGO• i • 1, • ·,IS 
where llHBo and llHGo are the heat demaad for electricity and town-cas in 
period i. aR• and 9,1• are the constaats determined based on the 11redict-
ed demaDdsin 2000,theenerzy prices in 1982,and the parameters land 
'I· The formulas which give these eonstants are also described in Appendix 
F. 
In the present study, the two sets of values are assumed for the 
parameter• 1 aad '1- They are shown in Table 4.3. The total demand 
fuaetion are obtained by summing the nonheat demand function {4.14) 
and the beat dem&1"1d funet.ion (4.1S). In order to define the consumer$' 
surplus, the demaDd funetio111 are symmetrized as follows: 
-&1-
a' HEGi,. a' HC£4,. (aHECi + aHCEJ;)/2 
f' H& • iaEJ> - (age&- a' HBCilPm 
i' HGi • iacu- {aac£4- a' HECilPEJ>, i .. 1, .•. ,10 
(4.16) 
where a' B• and i' N• are the coefficients ill the demand function after 
symutetrization. PEi and Pa. are the pric:ea of eledric:ity and town-gas in 
1982. As the matter of course, the above symmetrization should not dis-
tort the demand function largely. This point is cheeked numeric:ally for 
the cases used iD the s.imula.t.ioa. Inverting the estimated demand func-
tioa,theinversedemaad function (4.1) is obtained. 
The unit operating costs and the unit capacity costsofthecon.:•ider<'<l 
generating pla.uts are determined base on the c;i]culation by the Agen("y of 
Resource and Energy in 1982/3.6/. The fixed cost of the electric power 
syatem is estimated from the finaJacialstatemeRtsofthecompany which 
supply the electric:ity ia the region. The unit operating cost, the unil 
capacity cost and the fWid cost of the town-gas supply are estimated fro1n 
the financial statements of the COJDpa.ny which supply the town-gas in 
mostpa.:rtoltheurbanizedarea.s. 
The lower bounds of the capacities are set as much as the existing 
capacities in 1982. The upper bound of the nuclear power capacity i¥ 
determined based on the long-run energy supply/demand estimation in 
1982. The capacity and the operation of the hydraulic power are as much 
as those in 1981. The fair preparation ratio of the electric powercaJIM"ity, 
~ is set to 0.15. The fair operation ratios of the generating plants, rfr/UC'• 
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ruiG and roll. are set to 0.7, 0.8 and 0.8, reapectively. 
U. R.ualts o!the SimuliUoD 
Simulation is carried out consideriq the two cases shown in 
Table 4..3. The foJlowing lOur optioas are co.osidered as the combination 
ofthepriciqschemes; 
(Pricing in Elec:tric Power, Priciq in Town·Ga.s) • 
(TOUP, TOUP), (TOUP, SP), (SP, SP) and (CP, CP) 
The nonlinear optimization problems are solved by the o;omputer pro· 
gramba.sedonPowell'smdhod/4..9,4.10/. 





(a) DemaDd.JSuppJy ohhe Energy 
The results of the simulation are presented in Table 4..4. and Table 
4.5. The dema.nd/supplys and the prices in case I are illustrated in Fig. 
4.3. Table 4..4. and Table 4..5 show that the improvement or the soda! wel-
fare amounts to 14.3 - 20.1 [I01'yenJyearJ when the pricing option is 
changed from (CP, CP) to (SP, SP), and that it is 18.2 .-.. 25.2 
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[I010,en/yearJ when the priciag option is changed from (CP, CP) to 
(TOUP, TOUP). It amounts to 5 .... 6% of the total supply cost. At thl' 
same time, the load factors are improved by 13 .... 16% in the electric 
power system, and by 4 "' 5% ia the town-gas system. It must be 11uU•d 
that the obtained load factors are calculated from the IS-period rectangu· 
Jar approximatioa of the loi!.d, and the iafluences of the .teen peak load 
with short duration are not consideri!d. There£ore the pRsented values or 
theloadfa.ctorgethiJ:herthanthepublished value /2.2/. 
Coaceraing the capacities of the generating plants, it is shown that 
the expenditure £or capacities is Rduced by i!.dopting SP or TOUP. Th(• 
nuclear power plant is constructed to its upper bound in any pricing 011· 
tions. The construction of the other power plants needed in the option 
(CP, CP) is suppressed in the other options. On the capacity or thl' 
town-gas system, Rmarkable differences cannot be seen. It is because the 
existing capacity of the town-gas is considerably large. 
(b) S\ruc&ure oUhe Demand 
On the structuR of the energy demand, the inter-energy substitution 
of the heat demand in summer, i.e., the demand £or air conditioning, is re· 
markable. By adopting TOUP or SP, the air conditioning by town-g/IS is 
induced. It contributes to suppRssion or constructing the electricity gen-
erating plant, and then to improvement of the load factor. In contrast. 
the heat demand in winter does not move Rmarkably from town-gas to 
electricity. It can be interpRted that, according to reduction of the sum· 
mer electricity load, the electric power plants are ftllly operated even in 




Prici"'Sd:leme Eleo:tril:ily TOUP TOUP TOUP SP CP 
TOUP SP CP SP CP 
S...iaiWelrareij [tOitJfli/Ynrl 2&.19 




Noah .. tDemand 





211.811 211.1111 211.88 211.811 
144.114 1411.11& 141.80 143.3~ 







'·"' 1.011$ 0.91S 
14.00713.118813.701 
4-~ 4.927 4.883 
Loadhd.orl"l Electricil.y 78.2 78.9 81.3 73.9 82.2 
1) The 1ocial welfare~ are repre&eoted by the relative deviation 
from that io the optioo (CP, CP). 
2) The amouot of oewly coostructed ouclear power pJant 
meetaitsupperbound. 
3) Heat demand cu be negative becauee the nonlinear 
propammint is 10lved w:ith colllideration of the inverse 
demand function o( the total eoer&Y demand only. 
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Table 4.5 lte!lulll of Simulation (Cue 2) 
PriciasScheme Elect.riritJr TOUP TOUP TOUP SP CP 
TOUP SP CP SP CP 
Capacity &t Fiud Cool Elmricit7 143.29 143.29 143.38 14U9 
To•a-Gu 28.88 26.88 26.80 2MD 






Eleci.U,iT.y 0.453 0.8$2 
0.727-0.182 
Elenricity 0.328 0.201 
To•n-Gu 1.1194 1.140 
Electricity 13.419 IU\8 13.t28 \3.40713.287 
(c) The iDilaences orthe rlftJIUe-COIIt balaoce 
To e:w:amip.e the inOuep.ces of the revenue-eost balance constraints, 
simulations with and without the eoDstraiDts are carried out. The results 
are compared in Table 4.6. If the revenue-coat balance is not imposed. thr 
pricea iP. the option (TOUP, TOUP) are equal to the marginal SU1111ly 
costs/4.11, 4.12/. By imposin& the reveoue-cost balaoce, the social welfsrr 
.... 
-~B-... .. ···-:~ =·'::'· -·- =-'=· -·-
' 11411 Tllll II II II 1411 I 10411 'ltlO II n II Ull 
1•1 (b) 
FiJ. 4.3 Demand/supplies aud prices iD case 1, 
(a): (TOUP, TOUP), (b): (TOUP, SP). 
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IIIUI•IIU II II 101010 II SUI Til. 11 n II 1010 
(c) (d) 
Fig. 4.3 Demand/&upplies and prices io case 1, 
(c): (SP, SP), (d): (CP, CP). 
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is lost in the option (CP, CP) by 11 .... 17 [I01'yenfyear]. The more flexi-
ble the priciog scheme be, the Jess such a welb loss becomes. In the Oil-
lion (TOUP, TOUP), the welfare Joss is reduced to 2.5 ... 4[1010yenfyea.r]. 
Table 4.6 Influences of the Revenue-Coat Balance Constraints 
Pricina: or Eleclricitr TOUP TOUP TOUP SP CP 
Pricia1 oi"Town-Gu TOUP SP CP SP CP 
cue. us 3.95 5.oa u1 
Caae2 2.35 2.77 3.52 
The f11ures in the table show the incremental soda! welfare 
obtained by removing the revenue-cost balance constra.inLs. The 
unitis[to'Oyenfyea.r]. 
(d)CoutiderationoftheiiUiteriageest 
To implement the time-of-use pridng, the metering coat to measure 
lhe time-of-day load is needed while the seasonal pricing does not need 
such an additional cost. For feasibility of TOUP, the welfare ga.in ob· 
lained by this pridng scheme must exceed the metering cost. The cost of 
TOUP meter (for electricity) is estimated at 1.4[1/Month·Customer] 
/4.13/. Tbe study area has about 8 miUion customers of electricity and 
<1..5 million customers of town-gas. IJ the TOUP meters are installed at all 
the customers, the total cost will be about <1.0 billion [yen/year]. On the 
other hand, The welfare ca.in estimated by the previous simulation is 
about 39 .... 51 billion [yen/yea.r] (the difference between the SWs in 
(TOUP, TOUP) and (SP, SP)). This welfare gain is able to justify the 
aforesaid meterin~: cost. Ir TOUP is adopted only to the large size custo-
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mers, the metering cost wiD be reduced rema.:rkably with alight loss of tile 
effect of TOUP. Considering that the wdfare gain obtained by thr option 
(TOUP, SP) is not so dirfHent from that by (TOUP, TOUP), the former 
option may by more advantageous. 
In this chapter, economical effects of the cooperative supply of electri-
city and town-gas in the framework of time-of-use pricing (TOUP) scheme 
is studied. An eneru supply/demand model of 11onlinea.r programming 
type is developed, and the simulation study is carried out using the modrl 
by takiDg KiDki District in 2000 as a study area. The results of the study 
is summarized as follows: 
1) By adopting the seasonal pricing (SP) instead of the constant pricing 
(CP), the improvement of the social welfare will be 3.8""' 5.1% of tile 
total supply cost. If the time-of-use pricing (TOUP) is adopted, tilr 
increme11tal improvement of the social welfare is about 1% of the s••l•· 
ply cost. 
2) The welfare gain obtained by TOUP is enough to justify the metering 
cost needed for implementation of TOUP. 
3) Considering the metering cost, the option of TOUP for electricity and 
SP for town-sas is the most advant31eoua one. 
In the present study, as we pointed out in the previous chapter, the 
moat indefinite £actor is the response of the load to the price. To carry 
out the simulation, the demand functiolltl are estimated with several a.<;· 
sumptions. The simulation results reDect some drawbacks of the present 
approach. One is neglect of the inter-period reJation of the demand. In 
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estirnati111 the demand function, the inter-period Cf0511 price elasticity of 
the demand is not considered. Hence the shares of the electricity and 
town·ps in the heat demand change largely by time-of-day in one season. 
Such a behavior may not be realistic, and time-of-day enerc demands for 
heat in a season should be complementary to some extent beuuse each 
coneumer would use the same apparatus for air conditioning and for space 
beating and, accordingly, be "WOuld use one energy source. 
Another point is disregard of the advanced technologies in heat utili· 
zation. The demand function is estimated with the aasumption that the 
electricity is used with a conventional electric beater for space heating. 
Theutilizationofelectricheat-pumpisnotconsideredin the present study 
while it is expected to play an important role in Cuture space heating. 
Another defect in the present study is lack of consideration of the 
dynamical process of the load management and capaeity expansion. By 
expandilll the present model to the multistage one, the problem of the 
dynamical process can be treated. However, in such a model, the optimi· 
zation will bedifracult much more becauseoftbeincreasein numbers of 
the variabJes and the constraints. For the large scale nonlinear optimiza· 
tion models, we might have to give up getting the optimal price, and to he 
satis(aed with evaluation and comparison of the prespecified pricing op· 
tione/4.14/. 
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CHAPTER 5 A STUDY ON TRB COMPETITION BETWEEN 
ELECTRICITY AND TOWN-GAS SUPPLIERS UNDER TIME-OF-USE 
PRICING 
5.1 IDtreduction 
In the previous chapter, we have investigated a policy of supplying 
electricity aod towo-gas cooperatively with uaeofthetime-of-use pricing. 
It hasaasumedacompletecooperatiooofthesuppliersofthetwosortso( 
enerc. However, actually in Japan, they are supplied by different privat .. 
companies haviog their own goals, e.g., profit and sale. Hence there exists 
a certain competition betw~n these companies with strategic time·Of·u"'-' 
pricing for the mutually substitutable demi!.nds. 
Since the supply system o~ds h~ amount of investments as men· 
tioned in Chapter 2, these energy utility companies are allowed to supply 
the energy monopolistically io their service areas. At the same time, SOU\e 
regulations ar-e imposed on their pricing policies in order to prevent tho• 
suppliers from getting monopolistic: profits and to protect the public wrl· 
fare. The most typical regulation is to require the profit ofthesup11lier to 
keep a fair ratio to ita investment. 
Behaviors or a rqulated monopolistic: company have bP.en studied by 
Aven:h and Johnson /6.1/. They have ahowo that the regulation of the 
profit causes over-capitalization because the company increase investmPut 
in order to raise the ceiling of its profit (A·V effect), and then it gives ;o 
negative effect on the supply/demand efficiency. Bailey /6.2/, and BaiiPy 
and White /6.3/ have studied time-of-use price made by a regulated 
mooopolistic company. They have compared several rquli!.tion rules from 
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the viewpoint of welCare economies. They have pointed out a possibility of 
reversals in the peak and the off-peak prices in such situation (B·W cf· 
feet). 
In this chapter, the competition between an electricity and a town-
gas supplier under TOUP is studied. The situation is formulated into a 
competition problem between two regulated companies which sup11ly utili· 
ties partially substitutable. For this, a game model of static IY11e is 11ro-
posed. Then, the characteristics of the equilibrium prices are discussed 
analytically. Somenumericalexamplesarealso presented to illustrate the 
results. 
5.2 GIIIIUi! Model ofhater-eaeru- C0111.petitio• 
{a)FormullltioooHhernodel 
Let us consider the supply/demand of electricity and town-gas in N 
periods. Theelectricitysupplicrdecidcsthetime·of·usepriceofelectridty 
P£ • {P£t•·--tP£N) T in these N periods, and the town·ga& supplier decides 
the time-of-usc price of town-gas Pc • (p01 , ... ,p0N)T a& well. Responding 
to these prices, the time-of-use demand of electridty f£"' (q£1, ••• ,q£N)T 
and that of town-gas fc • (q01 , ... ,q0N)T in theN periods are determined 
according to demand functions DE and De, respectively: 
(5.1) 




sale. Namely, the payoff function of the eleetricity supplier fE and thu of 
the town-gas supplier Ia are, respeetively: 
IE= ,f,E 
(5.2) 
We coos:ider a regulatioo that each supplier is required to keep a l"a.ir ratio 
of its profit to the total supply cost.: 
It:- C.r{tt:l ~ £0&(1&) 
Ia- Co( tal~ £Ca(tal 
(5.3) 
where t is an IIpper limit of the profit ratio to the total s11pply eost, and 
C&<tt:l aod Ca(t&l are the total supply costs of the electricity and the 
towo-gas,respcctively. 
The problem of the eompetition between the suppliers are formulated 
as the followiog game problem: 
~-:x IE for the Electricity Supplier 
m:: Ia for the Town-Gas Supplier (6.4) 
sub. to g(pE, Pal ~ 0 
where a vector fuoction J(PE• Pal "' (g1, .. ,g4N+2):r is defined as follows: 
g1 ;;; ft:- (I + t)CE 
gz = Ia- (I + £)00 





(h+N• · · •f2+2N)T;;; -Pe (5.5d) 
(93+2.¥• · · · •h+JN)T;;; -t£ • -DE(p£, Pc) (5.5e) 
(gl+3N, • · • •12+-tN)T;;; -tc • -De(Pe- Pe)- (5.5l) 
Equatioas(5.5a) i.nd (5.5b) correspond to the regulatory oonstra.ints(5.3), 
and Eqs. (5.5c) throu&Jl (5.5f) are for oonoegativity of the prkes and the 
demands. 
(h) CoaeeptolthesolutioD 
Let us oonsider the problem (5.4) with au as&umptioo thi.tthe both 
snppliera behave noncooperatively, and coolioe our disc;ussion only to pure 
strategies. In noncooperative s:ame problems, the most ac:ceptable concept 
or the solution is the Nash equilibrhtm /5.5/- For the problem (5.4), the 
Nash equilibrium (p:, p~) is defined as follows; 
/,;{p:, p~) 2: /,;{PE, piD, for aU PE such that g(pg, p~)"$0 
(5.6) 
fe(P:. p~) ~ /e(Pg, Pel. £or all Pc such that g(p:. Pa)"$0. 
However, in a problem with coostraiots such as problem (5.4), it is known 
that there can exist infinite number or the Nash equilibria on the boun-
dary of ita feasible region /5.4/. lnordertoavoid this difficulty, we intro· 
duce a more strict concept or equilibrium, 'the normalized Nash equilibri· 
um' which is proposed by Rosen /5.4/. The aormalized Nash equilibrium 
(p£, p(;-) for the problem (5.4) is delioed as follows /5.5/; 
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/s(Pi. PG) + /G{pG, PGl • 
:,~IMPs· PGl + /c(Pf:, Pcll 
sub. to J(Ps. Pel S 0. 
(5.7) 
Rosen has shown that the normalized Nash equilibrium is unique undtor 
certaio conditions /5.4/. He bas also sbowo that the equilibrium is 
achieved by a Procell8 in which the both players adjust their decision vari· 
abies according to the projeeted gradients of their payoff functions to the 
feasible region /5.4{. This process is quite sirn.Uar to a famous proress 
propoeed by Cournot as a model of duopoly /5.6{. 
UAIIalyticalStudy 
Io order to discuss the natures of the equilibrium prices of the prob· 
lem (5.4), let us make some assumptions as follows: 
I) There is no inter-period crou price elasticity of the demand, whilt• 
there are some nonzero inter-energy cross price elasticities of lht• 
simultaoeous demands. 
2) The equilibrium prices( and the81180ciateddemands) are positive. 
3) The rair profit ratio to the cost,~. is 1.18U10ed to be 0 for sim11licity. 
ThisassumptioncanbeeasUyrelu:ed. 
4) The function~~ Is. fc, Cs, Cc, Ds aod De are continuously differenti· 
able with respeet to both the price and the demand. 
5) There exists at least one equilibrium point, aud at that point, Kuhn· 
Tuckerconstra.intqualifacation/5.5,5.7/holtb. 
-76-
With the above as&umptioos, the ne<:essary conditions for the normal· 
ized.Nashequilibrium"fortheproblem(5.4)are: 
- V,,Js + lgV,,g1 + lcV,.t/2- 0 
- V~sfc + l 8V,.g1 + AcV.,.!Jz .. 0 
9t SO, 92SO 
>.gg, • >.ch- 0 
l,;, lc ~ 0 
(5.8) 
where >.g and lc are Lagrange multipliers for the regulatory constraints 
(5.3). 
First, let us consider the problem without the regulatory constraints. 
Thenecessaryconditions(5.8)aresimplif~edas[ollows; 
(5.9) 
MRc • 0 
where MR8 : V,,Js. and MRc: V..Jc• i.e., the marginal change of the 
revenues according to the marginal changes of the price•. Here we call 
these quantities 'mllflinal revenues' for simplicity, while the word, margi-
nal revenue, indicates usually the mar&inal change of the revenue accord-
ingt.othemar&inalchangeofthe trupply. 
Eq. (5.9) means that, at an equilibrium point, each supplier could nol 
chall(e his revenue by unilateral chanp of his offering price. 
~-rconditilmoi.deriYalfromatheomn which "Pplicothe Kuh"· 
Tuekercondil.ionforanonlinearp.....,.mi~~~~:problemtoapn~eproblem/5.5/. 
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Then, let us consider the re&ulatory constraints. From the first equa· 
tiou or Eqs. (6.8), the foUowing is dm:ived readily: 
Ae. 8qEi la Bta, 
MRE< • A;=TMCEi 8pEi + A;=T(MC6 - Pa;) BpBI (UD) 
where MREi is the i·th elemeut of MRe.. MCEi!!!!!! 8Ce./Bte.. and 
MCm!!!!!! 8Ca/8qm, i.e., the marginal supply coats or electricity and town-
au, respectively. Talin&: the symmetricity of the model into considera· 
tion, a similar equation for the marginal reveuue of the town-&as is ob-
tained aaweU. 
The lint term of the RHS ofEq. (5.10) meii.Rs that the marcinal reve-
nue of the supplier deviates from the equilibrium without regulatory con-
straints according to his marginal supply cost. At the same time, the 
second. term of the RHS impJies that the equilibrium marginal revenue is 
also influeuced by the deviation or the price oiJered by the competitor 
fromhismargiualsupplycost. 
It depeuds on the sigu of factor of each term in the RHS or Eq. (5.10) 
whether the term raises or reduces the equilibrium marginal revenue from 
that without regulatory constraints. Let us examine the signs of th"se 
terms. The partial derivatives of thO! demauds with respect to the price, 
i.e., 81JEiJ8pEi or 8qmJ8pEi are determined according to the charactt!ristics 
of the market. Ordinarily, the partial derivative with respect to the own 
price, i.e., 8qEij8pEi is ne&ative. Further, if the market of the clcdricity 
and the town-gas are substitutable, the partial derivative 8qa.J8pe., will be 
positive. Hence, to decide the sisns of the factons in the RHS of Eq. 
(5.10), we must know the ranges or the Lqrange multipliers le. and Ac· 
The followin& proposition shows that the values of the Layange multi-
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pliers are between null and unity under some conditions. 
Pro!!O!ition 
Under the following CODditions, the values of the Las;ranp multipliers 
appeared in Eq. (6.10) are between auU and unity, i.e.: 
Od.s,.\r;< I. (5.11) 
Conditions 
I) Attheequilibriumpoint,thebotbregulatoryconstraintsareactive. 
2) Considering a problem wbic:h maximize Ce with reaped to Pe under 
constraints g1(Pe. PG} <:: 0 and hf.PE, p(:) S 0, and with a riXed price 
of towp.-gaa p(:, the former cop.straint becomes active, and the 
Las;range multiplier associated with the constraint is P.Ot degenerated. 
Similar conditions hold for the symmetric problem with respect to Cr; 
and Pr;· 
3) With an adequate selection of the periods i and j, the following con-
ditioP. holds at the equilibrium: 
(MRBi- Jlt'Bi)(lmr;;- 11l'r;;).,. 
(MRg; - Jlt'Ei)(lmr;; - Iff!r;;) (6.12) 
where ~Bi and 1l"Ca. are 8Cg/8pEt and 8Caf8p8,, respectively. 
lma. stands for 8fa/8PEi· 
~ 
DuetotheKuhn-Tuckercondition(5.8),thefollowingequationisderived: 
{(MRBi- ll'Z:'.,)(Il1fr;;- ~a;} -
(MRs; - lm81)(1ma.- ~a.lJAs • 
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(5.13) 
Then let ua consider two unilateral optimization problems to choO!i~ 
p8 with a raxed town-gas price p(;: 
0:,~ /~Pe,P'G) 
sub. to g1(Pe, p(;) • le- Cel..,.,. ~ 0, 
sub. to g1(Pe, p(;) •IE- Cel..,.p;, ~ 0, 
h(Pe• pQ) •Ia- Cal,c·P~ ~ 0. 
(5.14) 
(5.15) 
The rlfSt constraints in the both problems are active due to the re-
quired Conditions 1) and 2). Then the optimal PE oC the problem (5.14) 
and (5.15) coincide with each other. The equilibrium price Pi: or the origi-
nal pl'Oblem (5.10) is the optimal price o£ the problem (5.14) because a 
normalized Nash equilibrium is a solution to the unilateral optimizati<>ll 
problem (5.14), and consequently it is also a solution to the j)rublrm 
(5.15). Following the Kuhn-Tucker condition for the problem (5.15), thl' 
following equation is derived: 
{(MREi - llreEi)(ll'R'aj- 117Jaj)-
(MREJ- JreEj)(ll'R'c. - llreaiJ}~E"' 
- MR&(1l1l0J- Jre0i) + MREJ(Imc.- llrec;) (5.16) 
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where I'B is a Lagrange multiplier auociated with the first constraint or 
theproblem(5.15). 
According to Eqs. (5.13), (5.16) and Condition 3), the L~range mul-
tiplier~lsandpssatisl'y the relation; 
(5.17) 
Considering that the Lagrange multipliers are positive under Condilion 2), 
therangeofl8, 
0 <As< 1 (5.18) 
is obtained. Because of the symmetricily of the model, the range of .I.e is 
also derived similarly. 
QED. 
Irtheaforeaaidpropositionholds,thesigno£each£actorappearingin 
the RHS of Eq. (5.10) is determined. The factor of the first term . 
.1.8 a,s; ~ /Jps; is nonneptive because l 8 > 0, .1.8 - I < 0 and 
8tB;IBPs, S 0. Consequently, it raises the equilibrium marginal revenue 
MRs; from that in the ease without the regulatory constraints. If the 
marginal revenue MREi ts decreasiq: with reepect to the price P& (See 
footnote), and if the influence of the price offered by the competitor is 
small, raisins of the marginal revenue means that the price is disr:ounted 
according to the marginal supply cost at that period. 
The partial do!rivative or MBa with rapm to Pa io: 
8MR.J~a • 'Mf.J(Jpa + P~faf(Jp'j, 
lr lhe oecond tmn, i.e., tbe oecond order partial derivdi\'e or fa with respect to P& i• 
nfCIIJible, and ir lf.JI)pa ia ncgdive, which holds ardinariiJ, tM marcinal revenue MR& 
iodecreuingwithreopecttopa. 
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The factor or the second term ~ Btc, is nonpositive bocause 
.\E -1 8piA 
8ta; 
l.c > 0, l.E- 1 < 0 and 8p1A ~ 0. Table 5.1 shows that the inDuences or 
the price ollered by the competitor and his marginal supply cost on the 
equilibrium marginal revenue and the corresponding equilibrium price. 
Table 5.1 InDuence or the Competitor'• Price 
It is a&~umed that the marginal revenue MB• • 
8p1fJ8p• is docreuing with respect to '•· 
Let us examine the natures of the equilibrium prices from the 
viewpoint or the aupplyfdemand effiCiency. The first term of the RHS or 
Eq. (5.10) has an effect of discounting the price according to the marginal 
supply C05t. Ir the partial deriv01.tive of the demand with respe<:t to the 
price doc. not vary remarkably by the time-of-use, it implies that the price 
in the peak period is reduced much more than those i11 the or£-pcak 
periods. It is be<:ause the marginal supply cost in the peak period is usual· 
ly higher than th05e in the off-peak periods. Consequently it ~r~agnifies the 
differe11ce between the de~r~ands in the peak and ofr-pcalt periods, 01.nd it 
makes the supply/demand more inefficie11t. This fact has been pointed 
out by Bailey and White /5.3/ while their IPOdel does not take the com· 
petition between theregulatedcompaniesintoco!lsideration. 
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TbeefJectofthecompemionappearsthrougbthesecoadtermofthe 
RHS of Eq. (5.10). Let us suppose the situation in which a price lower 
than the marginal price is offered at the peak period in one energy markeL 
by the associated supplier. As shown in Table 5.1, it has an effect of rais-
ing the price or the competitor, and consequently the more demand will 
shift to the considering market from the other energy market. Thus the 
peak load can be magnified much more. The implication of the second 
term of the RHS or Eq. (5.10) is that the substitutable atructure or the en· 
ergy markets does not make the demand/aupply efficient by itself if the 
both sorts of energy are supplied by regulated monopolistic suppliers. 
5.4 Numerical kamplet 
In this section, a case study is carried out on the basis or the game 
model. Firat, the study area, the time division and the forms or the 
demand and cost functions are mentioned. nen, an algorithm to obtain 
the normalized Nash equilibrium of the game problem is explained brieOy. 
Finally, the simulation results are presented. 
(a) Study Area IIDd. Time Di1'ision 
The study area is the same with that used in the previous chapter, 
i.e.,Kinkidistrictin20DO.Thetimedivisionisred.ucedfroml5periodsto 
5 because of the difficulty of numerical computation. See Table 5.2. In the 
followings, we call the electric power company in the region 'A-company', 
and the dominant town-gas company '8-comp&Dy'. 
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Similuly to the function forms used in the previous chapter, let us 
consider the electricity demand IE .. (fBI•. . ,fn)T consisting of the 
nonheat demand INE • (fNEI• ,fNn)T and the heat demand filE "' 
(9HEI•. . ·fHn>T or a linear form. Likewise, the town-gas demand 9c -
(fGI• · · ,fcs)T COIIIIists of DOIIheat dem..nd lNG • (fNGI• · · ,fNc~)T 
and the heat demand INC • (9HGI• .. ,facs)T: 
fc; • fNGi + fNGi 
fNEi • r;rNE&P& + fN& 






fHGi • aHGEiP& + aHGGiPGi + fHGi, i•l, · · · ,5 {5.24) 
where a., i. are constants. Theae parameters are estimated in a similar 
manner to that in the previous section except the symmetrization 11ro· 
cedure, because the present model does not require the symmetricity of tile 
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demazad function. The enerc demand is measured io the unit [kcalfhour]. 
The constraints of the noonegativity o£ the demands are considered on 
both the nonheat and the heat demand, separately: 
iJN£; <!: 0, 9NCi 2" 0, 9H&; 2: 0, iJHGi 2" 0, i•l, ... ,5. (5.25) 
The present prices and £orecut demands in future which are needed lo es-
timate the demand Junctions are given in Table 5.3. As to the elasticity 
parameter q and the substitutability parameter 1 introduced in the previ-
ous chapter, three cases shown in Table 5.4 are considered. 
Table 5.3 Present Price$ and Forecast Time-of-Use Demands 
Elecukity Town-Gao 
ne lfiiii'~&IJ o.&isi o.61u 
NonheMDernand U387 ... ,. 




Hn.tDnnand 0.51683 0.103113 




As the supply costs of eledricity alld town-gas, tbe £ollowing f11nclion 




Table 5.4 Parameters Used to Estimate the Demaad Functions 
int ... ~ae"'Y•ubot.itutabilily 
-0.4 m:Ucuu 
0.7 cue 1 (low cue) 
0.11 cue 2 (middl~ c ... ) 
0.5 cue 3 (hish cu~) 
where T, is the duration of the period i, and .t., are cop,stanta. The first 
terms of the RHSs of Eqs. (5.26) and (5.27), beiug proportional to the to-
tal eneriY demands, stand for the operat.iP.g costs. ne second terms stand 
for the capacity costa which are decided mainly by the pealt demand, and 
thefiDaltermsarethefaxedcosts. 
The parameter kEO is estimated based on the expenditure of A-
colllpany £or fuel. The parameter k&c is a ~igbted average of the estima-
tions of the several sorts of power plants by the Agency of Energy and 
Resource /3.6/ while the weipts are decided accordiug to the existing 
plaut mixture of A-company. The parameter ku is Hlected to make the 
LHS of Eq. (5.26), takeu from the financial statement of the company, bal-
ance with the RHS at the demand aud capacity iu 1982. 
The cost parameters kco and kcc are &&Die with tho~~e used in thr 
previous chapter, and the parameter keF are chosen in a similar manner to 
ksy. The values of these parameters arc listed iu Table 5.5. 
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(c) Alprithm for NWDel'ic.J Cdcubitlon 
To obtain a normalized Nash equili!uium numericaUy, we use an algo· 
rithm which applies penalty functions /5.7/to the pseudoyadient method 
/5.4/. As a penalty function method to obtain Nash equilibrium, Shimizu 
/5.5/ bas proposed a method which uses interior penalty functions. In the 
present study, his method is used with some modifiCations, i.e. exterior 
penalty functions are used instead of the interior penalty functions. Su· 
periorityoftheexteriorpenalty(unctionstotheinteriorpenaltyfunctions 
is ftexibility in choosing the initial values. Justiftcation of using exterior 
pe11alty functions in game problems is given by Kawano /5.8/. Since the 
model is not convex, the normalized Nash equilibrium point may not be 
unique. In the followin& simulation, an equilibrium point obtained with an 
init.ialvalueequaltothepreselltpricesareregardeduthesolution. 
(d) R.aults of Sillndatioa 
Simulation is carried outfortbethreecasesofthedemand functions 
shown in Table 5.3. These demand functioas have different inter-energy 
substitutability. Simulation tesllll.s without and with the reg11latory con· 
straintsareshownin Fig.5.1 and Fig. 5.2, respectively. 
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Fi&. S.l Th~ resulta of th~ s.imulatioo without rqulatory 
coutraiats. 
Case 1: Low iat~r-ene:rc sabaiitutability. 
Cue 2: Middle inkr-~Delgy substitutability. 
Cue 3: Hi&h iater-eneJIY substitutability. 
·88· 
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Fig. 5.2 The results of the simulatioa with regulatory 
COD&traillhi. 
Cue 1: Low iater-eDel'l)' 111bshtutability. 
Case 2: Middle iater-eaergy substitutability. 
Cue 3: Rich inter-eaergy subttitutabilhy. 
-80-
Comparing Fig. 5.2 with Fig. 5.1, the price o( each energy is reduced 
remackably at its pcU period, i.e., Period 1 in electrie.ity supply and 
Period 3 in town-ps supply, in the case with regulatory constn.ints. Then 
the peU demand is magnified much more than the case without regula· 
tion. Consequently, the B-W effect is observed even under the competi-
tive&i.tuation. 
The variations of the prices and demands according to the change or 
the substitutability of the demand are not clear. However, even in the 
caseofthehighestsubstitutabUity,thepeUpricesarestilldiscounledre-
markably, and therefore the peak demands are stiU large. The effect u! 
competitio11 summacized in Table 5.1 is not deacly observed. It may bo· 
because o( the fad that the town-ps beat demand in Period I is null. 
That is to say, since one of the nonnegativity constraints (S.25) is active, 
the second assumption made in the bqinning of the previo11s seetion does 
not hold in the&i.m11lation. 
This chapter is concerned with a competitive s11pply of electricity and 
town-ps under the time-of-use priciq:. This situation or supply i5 
modeled as a game problem between the regulated companies which sup· 
ply the partially substitutable utilities. Theanalyticalstudyonthemodel 
and the nqmerical &i.mqlatioas are presented. The main findinss of the 
study are as follows; 
(1) If the both energy suppliers adopt the time-of-use pricing aiming at 
maximization of their sales, the resulation of the profit rate cause~ 
reduction of the peak price, and consequently makes the 
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demand/supply still more iaefficient. Namely, the B-W effect is ob· 
servedeveninthecompetitive&ituation. 
(2) Under the te~ulatory coastraints, the reli.tion between the inter-
energy substitutability and the demand/supply effaciency is not clear. 
There observed a case where the demand/supply remains still ineffi-
cient even underhighinter-energysubsdtutability. 
Tbe implication or the above findinp is that, when the time-or-use 
price is offered by a monopolistic energy utility company, the regulation or 
profit ratio is not sufficient to make the supply and demand effacient even 
if there exists a competition between the regulated comps.nies. Hence, 
some other regulatioas on the time-of-use pricing, e.g., a regulation that 
the time-or-use price must be decided based on the time-or-use marginal 
supply cost, isneededJOiiCbievetheefficiency. 
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CHAPTBR I GENERAL CONCLUSIONS 
In this dissertation, the typical time-varying pricing schemes in tlw 
enerc supply industries are studied as a way of load maniiJement from a 
viewpointofwelfareeeonomics. 
In Chapter 2, a brief review is made on the concepts of several sorts 
of the time·varying pricing &c:hemes such as the time·Of·use prking 
(TOUP) and the load adaptive pricing (LAP), and the marginal cost l>rk-
ing principle which Jives a welfare economk basit to these pricing 
schemes. 
In Chapter 3, the load adaptive pricing in electric: power system i5 
studied by means of a multifollower dynamic: Stackelberg game modeL An 
optimal pricing scheme is derived based on the model, and it is shown thai 
the obtained optimal strategy forms the marsinal cost price ada11tive\y. 
Through a case study, effectiveness of LAP under the fluctuating load and 
its influences on the consumers having different load characteristics ar•· 
evaluated quantitatively. 
In Chapter 4, cooperative supply of electricity and town-gas undt·r 
the time·Of·use pricin&isstudied considerins the difference of the load J>al· 
terns in the two energy utilities, and po.~~~~ibility of the mutual load subsli· 
tution which wiU make the supply more effiCient. To investi&ate the issue, 
an energy supply/demand model of nonlinear proyamminr; type i~ 
developed based on the surplus theory. A case study is carried out, and 
the effectiveness of this policy is made clear quantitatively. The resnhs of 
the simulation show that the inter-energy substitution between electrkit)" 
and town-r;as with TOUP or SP suppresses the construction of new elec:· 
tric power plants needed for the peak load. It is also shown that the es· 
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tima.ted welfare gain can justi(y the implementation c05t of TOUP. 
In Chapter S, a. competition of an electricity and a town-gas supplier 
is studied by means of a. noncooperative static game model. It comple· 
ments the study in Chapter 4 which assume£ a. complete cooperation 
between the suppliers. Through an analytical study and numericalsimula· 
tions, it is shown that the regula.tion of the profit may make the demand 
and supply inefficient even if there exists a. competition between the sup-
pliers. Further, it is also shown that the subatituta.bility of the ener!}' 
demand does not ma.ke the demand a.nd supply efficient by itself if the 
both of the competi01 companies are regulated. The implication of the 
result is that the replation of the profit ratio i& not sufficient any more 
under TOUP, and some other regulations are required to achieve efficient 
demand and supply. 
The studies presented in the disserta.tion show the effectiveness of 
load management by the time-varying pricing schemes. Especially, the 
cooperation of the different sorts of energy utilities, i.e., electricity and 
town-gas, by means of time-of-use pricing is expected to be an effe-ctive 
policy to relieve the peak load problem in the energy systems. On the 
load muagement of the ener!}' systems and pricing strategies for it, some 
further studies are needed to make their effectiveness and defects in more 
definite ways. For example, the manas:eable load in the industrial, com· 
mercia! ud household se<:tors, supply-side benefit of the load manage-
ment, response of the consumers to the time-varying price and technical 
fusibility of TOUP and LAP should be clarifaed more in detail. 
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Appeadh A Coad.l,loa l'or Balaace of 'he Rennue and tbe Cast under 
'be Mvtiaal Cos' Prldq 
Suppose the demand/supply in N periods. Let f;, i•l, .. ,N be 
the quantity of the demand/supply in the period i, and C{q1, ... ,q,v) be tht' 
total supply cost. C is assumed to be continuously differentiable. Then, 
the (ollowingproposilion holds. 
Proposi,ioll Ir and only if the cost (uaction Cis a homoJeneous function of 
onedegreeinthepositiverecionofthequantity,thentherevenuebythe 
ma.rginalcostpricingisalwaysequalto the total cost. 
Proof) Due to Euler's theorem on homoJeneous functions and continuous-
ly differentiability of C, the following equation is necessary and suffiCient 
with the homogeneous function of one degree in the positive region of the 
demand/supply: 
for all positive q,, i~l -i;v. • C. (A.I) 
Since the price P; in the period i is set equal to the m&r&inal cost 8C/8q,, 
(A.2) 
QED. 
Implication of this proposition is that the balance of the revenue 
and the cost uader the marginal cost pricing holds if the supply cost has 
neither economy nor diseconomy of scale. It must be noted that the con-
dition for 'he balance permitstheexistenceof'jointcost' which is a cost 
needed commonly to supply two or more kiads of goods. In electric power 
or town·J&SsysWms, the capacity costisajointcost for the time-of-use 
supply, i.e., the capacity aad its cost is decided by the maximum load. 
·105· 
The reve~aue by the marginal coat pricing bala.nces with the supply cost ir 
it has Deitber eco~aomy nor diseconomy of scale regardless of the existence 
ofjoiDtcost. 
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The c:oeiTICients or the optimal team stratqies (3.18), i.e., F, , z, 1 
and ~ are givea by the followings: 
F; .. (BTE;B + D;}-1(-BTB,B,} 




[diac:w, + C -diag111; D, .. -diag111, diag•, + dia&(.:£1, . 
In the above, B • [OIU), B1 •/JUwhere Oaod U are the KxK zero and 
identity matric:es, respectively. Ill; denotes (•il• ... ,w;K)T. Cis the KxK 
matrix whose all elemeats are c:1 E; , e,, and ta are determined recursive-
lyasrouows: 
EN"' EN 
8,_1 • B,_1 + (FTD;F; + (B1 + BF;}TE;(B1 + BF;)) 
for2~ i~ N 
eNI .. o 




for2 :s; i:s; N-1. 
Wbep, tbe all tbe coDsumers adopt tbeae optimal team Slfategics, 
the optimal value o£ the supplier's ~yoiJ, JO, is giveo by the £ollowing: 
N N 
.10 • iiiXI + E ila;Eiv;l + E if.,EI~ (8.3) 
,.a i•O 
wbeu iloa, iiJi and d~, are determiP.ed uc:ursively as follows: 
iloo- ( -tor[zD1"n + rfzorn- t~rzsTE1B't2 + e12B'12 + ilo1l 
iiJO • il1a 
• ( -or[zD,oru + J~"12 + rfzoru-zT,_BTEIBztz 
+ i!~Boru + 'e,zBoru+ilu)a 
ii2G- il40 
• ( -tor~Dlorll + ~~~"u - t~~sTE1Bor 11 + i!~Bz 11 + d21 )a2 
ioN • daN• iliff • diN• il21f • dzN 
For2 :s; i:s; N, 
ila.•-1• do,;-1+ 
( -tor~D;"."1 + Y;~Z;z- i4sTE;Bzi1 + i!,~Bz,"1+i/o,) 
ill,i-1 • dl,o-1 + ( -or,~D;oril + r;Ior."1+1i'~Z;~ 
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Further, for i€ N 
+ r~s'*'"2 + r,;s:,1 + d11J(I-o-2)1' 2 
d•; - ( -t~ID,-*.• + &~;I';• - t~s"k;s~. 
lntheabove,d0,, d1;and d2;areeoutantsdefinedasfollows: 






.A.ppeadiz C Optimal Relpoaset Df the COD&IIDIHI aDd Formulas of the 
Optimal LA.P Str•te11 
When the priciD( strategy given by Eqs. (3.19) and (3.20) is 
adopted by the suppUa:, the optimal responKS of the consumers ti are 
given by the followings: 
(C.!) 
··~ 
i:'; • [D;+ [-oC 1}-•1~ + [diag:. - A} 
i;l •[D;+[-o(;' 1;]]-1[-Y;I + IJ;I .. (;I] 
i;., a[D;+[-o0 1Jr·I-Y.2 + "'·"2- (;21. i EN 
Furthermore, for i E N 
A; .. [2A~u1 , ... ,2A&uKf 
(;111 • (0, · · · ,0, ur(il•• · .. , uk;x.,.)T, m • I or 2 
K 
;."2 • (•;."fin, · · · • "';xi,y2, 
-•,.'fin + P;i'il, · , -lll;xi;x + PoK'iK)T. 
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In the above, u; denotes &D unit vector having the unit value in the j-tl1 
element. The KxK matrix Aii &Dd the K-veetm:s (ii1 &Dd (i]"2 are defined 
recunivelyasfoJlows: 
ANi•O, jEK 
A,_ 1, - -ti•;,Prd(~- iijl + c!JPrd(i:_,) + P.;Prd(l1uT + i:_,) 
ror2:S i:SN,je K 
(N,;w.•O, j E K, m•l and 2 
ct-IJ, .. - I -•ii<it. - z:;.. - i;;..l<~ - n) 
- c,J(p.."fv - Py""<.;w.(PuJ + ~) 
., ' ['·""']~ " ' ['··"']i: - ~G,'j1 - II;J,I .; - ..,_oi+l..,,2 - 6,+1..,,4 11 
[a· upper is for m-1, 
+ (~(B,+BF;))x 1:. lower is for m•O, 
fm:2 :S i:S N,jE K 
(C.3) 
where prd(z) denotes the operator whic:h produces a matrix zf"z from a 
row vecklr c. ~ and "fv denote the j-th &Dd the (j+K)-th rows or the rna-
-Ill-
trix F;, respeetively. :Zt,_ and :z:_,.,. denote the j-th and the (j+K)-th ele-
mentaoftheveetor:Zijooo, respeetively,forrn .. 1 and2. 
The neeessuy colldi,ions for the optimal responses, Eq. (3.21), is 
sufficient when the following mahices are negative definite: 
[-.:~· -•ij-e£j_•;ii+2uJAiiuJ· ieN,jeK. 
ltisequivalenttothefollowinginequatities: 
2uJAijuj< c£j+Pij• iE N,jE K. (C.4.) 
The optimal pua.mders of the pricing strategy which make the op-
timal responses of the cooaumers, Eq. (C.l), coi11cide with the optimal 
teamstratqies(3.18)areasfollows: 
0ijl "" -w ... (Jt- /ij)T 
6ijl .. -lll;j(t'ijZ- r'ijZ- i_."2) 
6i+tJ.2 • -w;,{~, - <.a - i 11tl 
ai+tJ.2 •{~r~ij(/t- /ij)- c4 !ij 
- Pij(/Juf + ~) + 2uJAij(B1 + BF;)Ir (C.5) 
6;+t,j,3 .. "'v(<;,- zr_.,- ~,,)- c£j.zt, 
- Pii<.t + 2ufAiiB~1 + (~1 uj 
6i+IJ,4 • "'ii(t'iiZ - r'ijZ - 'i,-t) - c£j~ 
- P;1{~- ij) + 2ufAiiB~"2 + (~z"i• 
ie N,;e K 
·112· 
where Aij, (ij1 and (ij2 a[e given by Eqs. (C.2) aad (C.3) replacing F,, i,1 
and Z,'Z by the coefficients o( the optimal team st[atqies, i.e., F,, z,1 and 
zi'.1,respeetively. 
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AppeDCII:I D A Meuiac of the Optimal LAP StratesJ 
From the necessary condition for the optimal demand, Eq. (3.1 i), 
thefoJiowi.q:equationi&derived: 
-(D; + srB,B)q;- BrB;B1c;_1 + Y;2 
+ ,,,e, + sre;1t; + sre,'2 .. o, t e N. 
Thej-thelementofEq.(D.l)is: 
(D. I) 
where qf is the total demand at period i. Replacins tt and <, by the OJl-
timalteamstrategies,theroJiowingequa.tionisobtained: 
-•;;(~- .ft,)z.:-w,;(z;1 -z~1 ){, 
-w;;(zt, - 4_..,) + fi.l1"'ij + i;l"'iJ{i "" c,qf + c2, i E N, j E K. 
Considering the optimal parameters or the pricinz stratezy, Eqs. (C.S), it 
become•: 
(0.2) 
The RHS or Eq. (0.2) is the marginal paerating cost. The implication of 
Eq. (0.2) Us that the unit price v;; forms the marzinal cost price along 
with the term containing bi+l,j,2 in the fonnula of the faxed charge h,+J,.o. 
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Appendiz B Proof of the PrepoUtioa 
According to the ootatioos or the LAP strategy, Eq. (3.19), h:t the 
unit price ofTOUP (or CP) be 
(E. I) 
As shown in Appendix C, the optimal responses or the consumers to the 
abovepricingaregiven by 
(E.2) 
Looking at the definition of F; , i-;1 and i:,.., in Appendix C, it is known 
that ~(II appears only in i: 12. Further, a.s shown in Appendix B, when the 
consumers take the strategies given by Eq. (E.2), the supplien payoff J0 
becomes 
N N 
1o .. ifoo + E d3,E[11;] + E d,,E[~ (E.3) 
... . .. 
where the coefficients daoo d3, and d4, are defined by (8.4) substituting F,, 
i:;1 and i:,.., for F,, z,1 and z,2, respectively. The definition or d4, shows that 
it does not contain i:;12 (and accordingly ~111 ). Hence 6;;1 optimaidng J0 is 
independent of E[~[. Considering the aseumption E[v;[ :l! 0, the optimal 




AppeudD. F Coellicients iD Uae Demuull'wu:tion 
Thecoeffacieotsio the nonheatand the heat dema.Ad fqn<:lionsare 
giveo by thefollowiogeqqat.ions; 
Nonheat Demand 
fNEt • (I - 'l)fN& 
fNco • (I - 'l)fHc., i • I, . ,15 
Heat Demaad in Summer 
'lfBEi- oaBGiPco 







ogaa. - --. ----
ea.s(pa;- Pa;) 
i,Et • (1-I'J)fH.e; 
















fBEi'" (1 - 'l)fB& 
'•c;- (1 - 'l)fgc;' i- 6, . ,10 
;Gi • ;EieGslea. i'" I, ... ,5 
;Ei'" Pa;esw!eGw, i • 6, ... ,10 
9J1i'" fsEieEw + fBc;er;w, i • 6, ... ,10 
(F·J) 
;Ei and ;co are the priees or electricity and town-gas in 1982, respectively. 
fNEi and fNco are, respectively, the forecast nonheat de!Dands for electrici· 
ty aad town-ps in 2000 •hen the priees or the t•o sorts or eneru are 
kept as those in 1982. fBEi and fRm are, respeetively, the forecast heat 
demand ror electricity and town-gas in 2000 as well. ess aad ecs are, 
respectively, the errac:iencies (COPs) or the electric and the town-gas air 
conditioners. e8w aad er;w are, respectively, the efficiencies or the electric: 
and the town·Ja& space beaten;. 
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